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Executive Summary

Three panels of practicing scientists and engineers were assembled in the Summer of 2007 for
the purpose of reviewing the current Virginia Standards of Learning (SOL) in physics and
chemistry and Virginia’s K-12 program in engineering. Members of the panels were drawn from
university physics and chemistry departments, schools of engineering, government research
laboratories, and industry from across the Commonwealth. This diversity of membership
provided background at all technology readiness levels from basic research to technology and
development to manufacturing and operations.

The panels did not focus on advanced science content but rather were asked to answer the
question: What are the physics (chemistry/engineering) essential content to reach 80% — 90% of
all high school students to help them become productive citizens in the 21% Century? Or: What
is the essential physics (chemistry/engineering) knowledge that citizens should have to
understand the world around them, to make decisions on political questions that more and
more involve an understanding of the methods of science and technology, to triage and
understand the plethora of news and information that is available by the current World
Wide Web and will be available on the next generation Internet?

This is the final report of the Panel on Physics which met at the National Institute of Aerospace
in Hampton, Virginia, May 22-23, 2007.

Four weeks prior to the meeting, panel members were provided materials including but not
limited to: proposed national science standards, outlines of the Advanced Placement Physics and
International Baccalaureate Physics courses, Virginia’s Science SOL and Physics Curriculum
Framework, and copies of SOL from several other states whose SOL were ranked high by the
Fordham Institute. The complete set of pre-reading materials for Physics is Appendix B of this
report.

After working in facilitated sessions as subgroups and a committee of the whole, the Physics
Panel developed the following findings and recommendations in five main categories regarding
the Virginia SOL in Physics:

General:

o Physics relates real-world phenomena to fundamental abstract principles
that are discovered using laboratory methodology and observational
methods to then express the relationships in the language of mathematics
and the written word.

Laboratories and Demonstrations:

o The current SOL do not stress the importance of integrated laboratories
and demonstrations

o The laboratories should comprise about 20% of class time over the year
and the teachers should have freedom to choose which topics they
complement/integrate with laboratories

o Laboratory and demonstration examples should be explicitly provided for
each concept in the Virginia Physics Curriculum Framework. Thus the




curriculum framework would have three columns: concept, skills, and
suggested laboratory(ies)

o Teachers should partner with universities and work-world laboratories to
develop laboratory modules — particularly in contemporary research areas.

Restructuring the SOL:

o The current Virginia SOL were considered to be too broad and covered
some topics deemed to be non-essential for the average citizen by the
professional physicists on the panel

o The panel designated the topics they deemed to be essential as “Core” and
listed other topics as “electives”

o Teachers must teach ALL of the Core topics and would be expected to
teach a subset of the elective topics. The number of required elective
topics was not agreed upon but the possibility of teaching the Core in 24
Weeks, with electives for 12 weeks was discussed. The selection of a
certain number of electives was considered but the exact balance is really
part of an implementation function and beyond what this team could do in
the time allotted. It was agreed that the electives MUST be integrated into
the core material as appropriate so leaving them for the last 12 weeks will
not work.

o The 14 major content areas of the current SOL were consolidated into 8
major areas with 6 of these designated “Core” or required and 2 current
major areas redesignated as electives

o Some of the 61 subtopics of the current SOL were eliminated or
recombined or added creating a total of 59 subtopics, 35 of which were
deemed to be Core and 24 elective.

Contemporary Applications and Emerging Technologies:

o The current SOL are deficient in certain areas of contemporary Physics
research. Examples of these areas include astrophysics, biophysics,
particle physics, quantum physics, quantum computing, semiconductors,
superconductors, nanotechnology, special relativity, chaos, medical
physics, condensed matter physics, and lasers.

o A broad interfacing of critical, contemporary, global awareness topics
should be coupled to the physics curriculum such as: 1) The Environment
(human impact, sustainable cycles, reclamation, role of the atmosphere
and biosphere), 2) Energy (where it comes from, where it goes,
conservation), 3) Water (weather cycles, historical changes- recent as well
as geological), 4) Aging Population (why biosystems age, what accelerates
aging, what maintains health)

Open Source Courseware:

o The Department of Education should support a website (such as a wiki) to
which teachers can add laboratory modules and contemporary topic
modules as they develop and use them. This would be “open source” and
much more rapidly available and responsive than textbooks can be.




Introduction and Background

In the Fall of 2006, NASA engaged in discussions with the Office of the Secretary of Education
in Virginia with regard to partnering for the development of a workforce skilled in the
capabilities needed by NASA for the 21% century. With many of its staff nearing or past
retirement age, NASA was particularly concerned about its next-generation workforce while the
Office of the Secretary of Education was interested in having a STEM'-capable team examine
the current content of STEM curriculum in the state and carry out an independent “gap analysis”.
A recent study® published by Achieve, Inc., showed that many graduates go into the workplace
or further education after high school graduation feeling unprepared, identified by their
employers as unprepared, or requiring remedial, not-for-credit courses. An agreement3 was
reached whereby NASA would provide a scientist/engineer to the Secretary’s office for nine
months during which, he/she would lead a review of the physics, chemistry, and engineering4
programs in Virginia. The reviews would be carried out by panels or teams of practicing
scientists and engineers, drawn from research university content area departments, government
research laboratories, and industry. The output from each review panel would be a white paper
deliverable to the Secretary of Education and publicly available.

Most recently, two well-respected national organizations, the National Research Council of the
National Academies of Science and the American Association for the Advancement of Science
have developed documents that lay out potential national standards and benchmarks for Science
in the Nation’s schools K-12°.

In addition to these two national efforts, the past fifteen years has seen individual states develop
their own standards in a number of academic disciplines. Virginia began its standards
development under Governor George Allen around 1994. The focus of these first standards was
school accountability. In an effort to assure accountability of all of Virginia’s public schools
with respect to some common course content, the Virginia Standards of Learning (SOL) were
created. These SOL are implemented as outcome standards in that the assessments or tests
associated with them identify whether the material was learned by students (as opposed to
simply taught by teachers).

To further clarify what the SOL are intended to be and what they are not intended to be, we can
look at two excerpts from the Introduction to Virginia’s Science SOL:

e “The Science Standards of Learning for Virginia’s Public Schools identify academic
content for essential components of science curriculum at different grade levels.” and;

' STEM is an acronym for Science, Technology, Engineering, Mathematics.

2 «Rising to the Challenge: Are High School Graduates Prepared for College Work? A Study of Recent High
School Graduates, College Instructors, and Employers”. Conducted for Achieve, Inc. by Peter D. Hart Research
Associates (February 2005).

? Intergovernmental Personnel Act (IPA)

4 While NASA has an interest in all STEM areas, it has a particular interest in physics and chemistry, the science
basis for new and exotic materials that would be required to carry out its Exploration mandate, and engineering
which is the basis for the development of these materials into structures and the spaceflight capabilities to use them.
Follow-on panels to similarly review the other science areas are a possible future activity.

S National Science Education Standards (National Academy Press, 1996) and Project 2061: Science for All
Americans and Benchmarks for Science Literacy (American Association for the Advancement of Science, 1990).



e “The Standards of Learning are not intended to encompass the entire science curriculum
for a given grade level or course or to prescribe how the content should be taught.
Teachers are encouraged to go beyond the standards and select instructional strategies
and assessment methods appropriate for their students.”

While conceived as minimal accountability standards (a floor), the content of the SOL soon
became the course outline for many teachers. As fiscal pressure, particularly through the No
Child Left Behind (NCLB) Federal legislation, increased for students to pass these state
assessments, school administrators put more pressure on teachers to assure that their students
would indeed pass. This pressure along with the large breadth of the SOL for some courses, has
precluded many teachers from “go(ing) beyond the standards”.

The standards are revised every seven years as a part of the formal review process approved by
the State Board of Education — science undergoes its next revision in 2010. The output from the
Physics and Chemistry panels is intended to inform that review process.

The job of the Physics Team and the Chemistry Team was to develop some consensus around the
essentials of citizen knowledge in (physics)/(chemistry) for the next 25 years. That is, what is
the essential physics or chemistry knowledge that citizens of the Commonwealth should have to
understand the world around them, to make decisions on political questions that more and more
involve understanding of science and technology, to triage and understand the plethora of news
and information that is available by the current World Wide Web and will be available on the
next generation Internet. The task of the Engineering Team was not too much different but is a
bit more broadly defined in terms of what engineering program would be most appropriate for
our students in the 21* century. Engineering is not a part of the traditional curriculum for which
there are SOL; it has developed in the CTE (Career and Technical Education) wing of the
Department of Education. Thus the panel could not look at an SOL content set for engineering,
but looked at various programs that Virginia teachers have created and some “turn-key” national
programs that have been created and are available for purchase, and the K-12 SOL for
engineering in the state of Massachusetts.

Finally, a reminder that these panels were NOT defining advanced course content — that work is
being done nationally and it focuses on the top 10% of our students®. The panel’s focus is on
ALL students in laying out a safety net of science (physics/chemistry) content that the remaining
90% of Virginia’s high school students need to be economically and politically productive
citizens of Virginia in the 21* Century.

% In Virginia, approximately 10% of students in grades 9-12 are taking one or more advanced placement courses; 1%
are in Governor’s Schools, and 0.25% are in International Baccalaureate (IB) programs. The College Boards are
working on aligning AP courses and the American Institute of Physics and NRC have developed reports on
advanced needs in physics and chemistry respectively. The Physics Report is in Appendix B of this paper.



Philosophy for Selecting Team Membership

Because many previous SOL content development teams were made up of a preponderance of
K-12 science educators with a few practicing physicists as advisors or reviewers, this team was
designed to complement and supplement the content-area expertise of those teams. The Physics
Team was designed to have subject matter expertise on the full range of physics activities and
endeavors from basic research through technology and development to operations and
production. To this end, members were solicited from university physics departments,
government research laboratories, and industry. A former K-12 science teacher who is currently
active in training teachers in the SOL in a large school division and a Governor’s School Physics
teacher were also solicited. There was an attempt to get a diverse mix of members and a mix of
laboratories that spanned the Department of Energy, NASA, and the Department of Defense.

Members of the Physics Team’ and their major affiliation were:

Dr. David Armstrong College of William & Mary

Dr. Renee Baggott Hampton University

Dr. Peter Knipp Christopher Newport University

Dr. Tom Yost NASA - Langley Research Center

Dr. Marcy Stutzman Department of Energy — Jefferson Laboratory

Dr. Rob Gates Department of Defense — Naval Surface Warfare Center
Dr. Joe Heyman LUNA Innovations

Mr. Bruce Davidson Newport News Public Schools

Mr. Brantley Hanks Piedmont Governor’s School

What this team brought to the SOL scene was unique — not claimed to be better or worse, just
unique - from previous work in three ways:

e They were a team of content-centric practitioners — not education specialists.

o They had available the current range of standards developed and implemented
over the past decade as benchmarks — that is they had the advantage of standing
back and evaluating what’s been created there.

e They brought a range of perspective from university research and technology
through government laboratory technology and development to industry
development and production.

7 A short biography for each member is in Appendix A



Preparation for Meeting

Because the team was developed for its physics content area expertise and came from diverse
backgrounds across the research, technology, development, and production compass, a set of
documents was prepared to provide background on the current state of K-12 physics in the
United States and some national thinking about what science should be in the 21% century. The
full set of documentation is Appendix B and a summary is given here.

Members were provided both the Virginia Science SOL and a copy of the Virginia Curriculum
Framework for Physics. The Curriculum Framework serves as a guide for teachers by providing
the next deeper level of specificity for the SOL. The Framework enumerates the essential
understandings and the essential knowledge and skills that students should develop for each of
the standards in the SOL. In addition to the current Virginia Standards and curriculum
Framework, the Physics Team had available to them sets of standards from other states that have
been judged as “leaders” in the development of quality standards®, the College Board Advanced
Placement (AP) Physics course outline, the International Baccalaureate (IB) standards which
represent a consensus of representatives from more than 100 countries around the world, and
some “new” thinking (actually a decade old) by Nobel Laureate Leon Lederman on sequencing
and content of science courses. Lederman suggests that because the nature of biology has
changed so radically from mostly an exercise in classification (1930’s) to almost completely
molecular biology in the 21* century, that chemistry (and in particular organic chemistry) should
precede biology rather than the traditional order in which biology precedes chemistry in K-12
curricula. He also proposes that physics precede chemistry, ending with atomic and nuclear
physics. Some 250 to 300 schools across the United States are experimenting with this new
approach.

The team were also given copies of the National Science Education Standards from the National
Academies Press, the Project 2061 “Science for All Americans” and “Benchmarks”, and the
thinking of the American Institute of Physics on an advanced high school Physics course -
Improving Advanced Study of Mathematics and Science in U.S. High Schools: Report of the
Content Panel for Physics (2002).

Team members also received a copy of the “Kentucky Survey of Critical Technologies:
Highlights” from June of 2004. This document reports on the results of a survey of some 500
middle and high school science teachers in Kentucky regarding their awareness and comfort with
contemporary and emerging technologies. As an example, while 99% of those surveyed were
aware of the concept of “stem cells”, only 47% said that they understood that concept, and 24%
taught it. Sixty percent of these teachers were aware of “nanotechnology”, but only 18% said
that they understood it, and 7% replied that they taught it. Thirty-eight percent of these teachers
also said that their preferred source of content training was the web with only 8% preferring “In-
service” programs at their schools.

8 paul R. Gross: The State of State SCIENCE Standards. Thomas B. Fordham Institute (2005).



Meeting Place and Process (Agenda)

The Physics Team met on May 22-23, 2007 at the National Institute of Aerospace in Hampton,
Virginia. Members had received their preparation reading four weeks in advance of the meeting.
The agenda was structured to get the participants first to talk about their own physics expertise,
background, and any initial thoughts they had on the preparatory material or the problem in front
of the panel.

Next, the participants were put into three smaller homogeneous breakout groups to consider
(brainstorm) the main question before them: What are the physics essential content to reach
80 % — 90% of all high school students to help them become productive citizens’ in the 21%
Century? The three homogeneous groups were broken out as:

e University representatives
e Government laboratory representatives
e Industry and K-12 representatives

The three groups then reported out to the entire panel, with all panel members engaging in
discussion for clarification.

Next, the participants were grouped into three “mixed groups” wherein each group had one
member from each of industry/K-12, university, and government lab. The three mixed groups
were asked to develop a draft of recommendations based on their earlier homogeneous group
discussions and report-out. These groups reported out to the entire panel and their ideas were
catalogued (like-things combined) and prioritized.

Finally, the entire group went through the current Physics SOL line by line to either keep as
required, move to elective, or totally delete current content.

The result of this work was then a final result which had three components:
e Cross-cutting essential skills that support all of physics
e Required (essential) physics topics for all students
e Elective physics topics from which a subset would be chosen each year by the teacher

® What is the essential physics knowledge that citizens should have to understand the world around them, to make
decisions on political questions that more and more involve understanding of the methods of science and
technology, to triage and understand the plethora of news and information that is available by the current World
Wide Web and will be available on the next generation Internet?



Results

Participants began the meeting by introducing themselves, their particular area of physics
expertise, and their thoughts based on their expertise and preliminary reading material. Several
participants called the current Physics SOL listing way too broad to allow any depth of study in
thirty-six weeks. It was pointed out that schools do not really have thirty six weeks available for
instruction due to time lost in preparation for testing and in testing itself. There was a strong
direction that laboratories that allow students to engage in the scientific method be a strong
component of the program. While the aspects of laboratories were found in the SOL (e.g. PH.1
and PH.2), the participants were concerned that current SOL multiple choice testing had led
teachers away from integrating laboratories into the content SOL (PH.4 — PH.14). Another
comment was that with so much material teachers were “telling” material rather than “teaching”
it. A professor found that while his students may have learned PH.1 — PH.14 in short term
memory, they did not exhibit retained knowledge in his Freshman Physics Class.

Figure 1. Physics Describes the Physical World Quantitatively in the Language of
Mathematics and Qualitatively in Words

Fundamental
Principles

Laboratory
Experiments

Physical
World

Mathematics &
Writing (Communication)

They then went into breakout sessions with three groups: university, government labs, and
industry/K-12.

As a result these breakout sessions (homogeneous groups), two main themes developed:
e Experiments and demonstrations mediate between the observed world and basic physics
principles and are fundamental to teaching the scientific method (figure 1).
e While many things are “good and interesting physics”, they do not all fit into one
academic year, so choices of “core” or “essential” content had to be made.
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In the second set of breakout sessions, mixed groups (membership of each was mix of university,
government lab, industry, and K-12) worked on these two themes and presented their ideas on
what was core. As the groups formed back into a committee of the whole, the idea that there
would be core content and “elective” content emerged. The core content was included upon the
whole team answering in the affirmative to the question: “Is this something that is essential
knowledge for Virginians in the 21* Century?” Some of this content was from the current SOL
and other content was added by participants. Finally the current Physics SOL (1-14) were
reviewed line by line for consideration as either “core”, “elective”, or to be eliminated. In the
following list, “core” content is in normal typeface and elective content is in italic typeface with

an asterisk (*). The second figure presents a graphical representation of this content.

Figure 2. A Hierarchy of Content

ELECTIVE
SUBJECTS

Planetary Motiofi .
Simple Harmonic .~
—r
Physical o Y
Optics OBSERVED T CORE

WORLD AR KNOWLEDGE

Geometrical
Optics

Elastic &
Inelastic
Collisions

Topics in
Research

+ Lasers oF
+ Medical/ Bio physics
+ Semicondyétors
+ Supercopductors
+ Nanoteghnology
* Quantum Computing
> Particle Physics
P Relativity
+ Astrophysics
+Chaos
+Condensed Matter

Motors, Generators,
Transformers

Motion and Forces
Linear motion
Uniform circular motion
Projectile motion
Newton’s law
a. Force diagrams
e. F=mg - weight
[ *Planetary motion
g *Simple harmonic motion

e o

Conservation of Energy and Motion
a. Kinetic energy
b. Potential energy
¢. Thermal energy
d. Chemical, nuclear and gravitational energy



Transformations between forms of energy
E=mc2

Power

*Elastic and inelastic collisions

@ o

*Fluids

Density and pressure

Variation of pressure with depth
Archimedes’ principle of buoyancy
Fluids in motion

ISUESINS N

*Thermal physics, Heat
a. Temperature
b. Heat transfer (Conduction, convection, and radiation)
c. Specific and latent heat
d. The I and 2™ laws of thermodynamics

Waves
Transverse, longitudinal
Period , wavelength, frequency, amplitude
Reflection, refraction
Absorption, emission, transmission
Light, sound and water waves
Electromagnetic spectrum
*Physical optics
i. Diffraction, interference
ii. Phase
iii. Polarization
h. *Geometrical optics
i. Ray diagrams
ii. Lenses
iii. Mirrors

®rHho a0 o

Electricity and magnetism
a. Charge
b. *Fields
i. Gravitational
ii. Electric
iii. Magnetic
Current
Voltage
Ohms law/resistance,
Power
DC circuits (Batteries, resistors)
AC power
Induction (Generating currents with magnets)
*Motors/generators/transformers
i. Energy transformations

PR me ae
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Modern physics
1. Quantum Revolution

2.

a. Historical development
b. Process of discovery
c. Paradigm shifts throughout history (Copernicus, Newton, Kepler, Einstein, etc.)
*Contemporary topics in physics research
Lasers
Radioactivity (alpha, beta, gamma)
Medical and bio physics
Quantum physics
Quantum computing
Particle physics
Semiconductors
Superconductors
Condensed matter physics
Nanotechnology
Astrophysics
Chaos
Relativity
i. Equivalence (general relativity)
ii. Special relativity)

TORN I AT A

Laboratory Skills and Understandings

1.

Sk »

Metric units of measurement
a. Metric conversions
b. Use English to metric conversion when necessary (distance, temperature,
pounds/newtons, kg)
Experimental method is followed as appropriate
Identify problem
Formulate hypothesis
Identify controls
Identify and adjust independent variables
Measure dependent variables
Determine if data supports hypothesis
Revise and improve hypothesis
Data are recorded and presented in an organized manner, e.g. tables.
Sources of uncertainties and limitations of measurements
Appropriate use of significant figures
Graphing data, curve fitting, modeling and simulation, and extracting physical meaning
from data
Introduce technology, including computers, graphing calculators and probeware, as a tool
for gathering and analyzing data and communicating results.
Present written conclusion to experimental problem

Qo Ao TP
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Because there are so many new approaches, new interfaces, and new content in the
team’s recommendation, and because new technology and knowledge continues to grow
exponentially with time'?, there was one final recommendation: to use a 21 Century technology
(invented at the closing of the 20™ Century) for teachers to share information and promote
continuous learning in a timely way. This technology is the electronic bulletin board, sometimes
referred to as a “wiki” and is an example of open-source courseware. A “wiki” can be set up to
allow many users to contribute their own information and comment on others contributions. An
excellent example is the on-line “Wikipedia™'!. In addition to allowing the timely dissemination
of discoveries and information that would take years to appear in a textbook, the wiki allows
teachers and professional scientists to form a “network” to efficaciously grow and mature ideas,

lesson plans, and laboratory modules.
A summary of results from the panel is:

General:

o Physics relates real-world phenomena to fundamental abstract principles
that are discovered using laboratory methodology and observational
methods to then express the relationships in the language of mathematics
and the written word.

Laboratories and Demonstrations:

o The current SOL do not stress the importance of integrated laboratories
and demonstrations

o The laboratories should comprise about 20% of class time over the year
and the teachers should have freedom to choose which topics they
complement/integrate with laboratories

o Laboratory and demonstration examples should be explicitly provided for
each concept in the Virginia Physics Curriculum Framework. Thus the
curriculum framework would have three columns: concept, skills, and
suggested laboratory(ies)

o Teachers should partner with universities and work-world laboratories to
develop laboratory modules — particularly in contemporary research areas.

Restructuring the SOL:

o The current Virginia SOL were considered to be too broad and covered
some topics deemed to be non-essential for the average citizen by the
professional physicists on the panel

o The panel designated the topics they deemed to be essential as “Core” and
listed other topics as “electives”

10 please see chapters 1-3 of Ray Kurzweil’s book, “The Singularity is Near”. Viking Press
(2005)

1 For a nice summary of the founding and operation of the Wikipedia, please see the article “All
the News That’s Fit to Print Out” by Jonathon Dee in the New York Times Magazine, Sunday,
July 1, 2007, pp 34-39 or simply Google “wikipedia” on-line to investigate first hand.



o Teachers must teach ALL of the Core topics and would be expected to
teach a subset of the elective topics. The number of required elective
topics was not agreed upon but the possibility of teaching the Core in 24
Weeks, with electives for 12 weeks was discussed. The selection of a
certain number of electives was considered but the exact balance is really
part of an implementation function and beyond what this team could do in
the time allotted. It was agreed that the electives MUST be integrated into
the core material as appropriate so leaving them for the last 12 weeks will
not work.

o The 14 major content areas of the current SOL were consolidated into 8
major areas with 6 of these designated “Core” or required and 2 major
areas listed as electives

o Some of the 61 subtopics of the current SOL were eliminated or
recombined or added to create a total of 59 subtopics, 35 of which were
deemed to be Core and 24 elective.

Contemporary Applications and Emerging Technologies:

o The current SOL are deficient in certain areas of contemporary Physics
research. Examples of these areas include astrophysics, biophysics,
particle physics, quantum physics, semiconductors, superconductors,
nanotechnology, special relativity, chaos, medical physics, condensed
matter physics, and lasers.

o A broad interfacing of critical, contemporary, global awareness topics
should be coupled to the physics curriculum such as: 1) The Environment
(human impact, sustainable cycles, reclamation, role of the atmosphere
and biosphere), 2) Energy (where it comes from, where it goes,
conservation), 3) Water (weather cycles, historical changes- recent as well
as geological), 4) Aging Population (why biosystems age, what accelerates
aging, what maintains health)

Open Source Courseware:

o The Department of Education should support a website (such as a wiki) to
which teachers can add laboratory modules and contemporary topic
modules as they develop and use them. This would be “open source” and
much more rapidly available and responsive than textbooks can be.







APPENDIX A

Short Biographies of Physics Team Members:

Dr. David Armstrong — Professor of Physics, College of William and Mary. B.Sc. (Honours
Physics), McGill University; M.Sc. (Nuclear Physics), Queen’s University; Ph.D. (Nuclear
and Particle Physics), University of British Columbia. Dr. Armstrong previously held
research and teaching positions at University of California (Berkeley), University of British
Columbia, and Virginia Polytechnic Institute and State University. His research area is
experimental nuclear physics and he is the author of 70 papers in the field.

Dr. Renee Baggott — Research Assistant Professor, Hampton University. AAS (Electronics
Engineering Technology) Durham Technical College; BS (Physics) North Carolina Central
University; MS (Physics) Hampton University; Ph.D. (Physics) Hampton University. Dr.
Baggott previously worked as a physicist for Science and Technology Corporation and as
adjunct faculty for Hampton University and Thomas Nelson Community College. Her areas
of research interest are lidar, crystal growth, and solid-state lasers.

Mr. Bruce Davidson — Retired from Newport News Public schools after 32 years teaching,
12 of which were high school physics. He currently helps teachers integrate technology into
their courses and works for the “Transition to Teaching” program at ODU. BS (Biology)
ODU, MS (Physical Science Education) ODU. Mr. Davidson previously spent 4 years as
Science Technology Specialist under an NSF grant.

Dr. Rob Gates — Technical Director, Indian Head Division/Naval Surface Warfare Center.
B.S. (Physics), Virginia Military Institute; M.Eng (Engineering Science), Pennsylvania State
University; M.A. (Political Science), Virginia Polytechnic Institute and State University;
Ph.D. (Public Administration), Virginia Polytechnic Institute and State University, and
graduate with distinction from Naval War College. He previously developed fire control
and inertial targeting and guidance systems for TRIDENT and POLARIS missiles and was
Head of the Strategic and Weapons Control Systems Department at NSWC Dahlgren.

Mr. Brantley Hanks — Physics Instructor, Piedmont Governor’s School of Mathematics,
Science, and Technology in Danville. BS (Engineering Mechanics) Virginia Tech; MS
(Engineering Mechanics) Virginia Tech. Mr Hanks previously served as Head of the
Spacecraft Dynamics Branch at NASA Langley Research Center and as the Space Agency’s
Deputy Chief Engineer (Technical) at NASA HQ in Washington, DC. He also consults
nationally on matters dealing with spacecraft structures, dynamics and control.

Dr. Joseph Heyman — Chief Scientific Officer and Director for New Technology, Luna
Innovations. BA & MA (Honors, Physics) Northeastern University; MS (Solid State
Physics & Physical Acoustics) Washington University; Ph.D (Solid State Physics &
Ultrasonics) Washington University. He previously served as founder and chief of the
Nondestructive Evaluation Sciences Laboratory and as Chief Technologist for NASA
Langley Research Center. Dr. Heyman is the author of more than 100 papers and journal
articles and holds 33 patents.



Dr. Peter Knipp — Associate Professor of Physics, Christopher Newport University where
his research is in semiconductor nanostructures and solid state physics. AB (Mathematics)
Princeton; MS (Physics) University of Chicago; Ph.D (Physics) University of Chicago. Dr.
Knipp was previously a National Research Council Fellow at Naval Research Laboratory
(Washington, DC).

Dr. Marcy Stutzman — Research Scientist, Thomas Jefferson National Laboratory. B.S.
Pennsylvania State University; Ph.D. University of Virginia. Her research interests are in
high polarization GaAs photocathodes and high vacuum systems.

Dr. Tom Yost — Senior Research Physicist, Nondestructive Evaluation Sciences Branch,
NASA Langley Research Center. BS Emory and Henry College; MS and Ph.D University
of Tennessee. His research interests include sensor development and application of
nonlinear ultrasonics to the study of fatigue substructure evolution in metals. Previously
served as Professor of Physics at Emory and Henry College where he chaired the Physics
Department and the Science Division. He holds 33 patents and has authored more than 90
presentations and publications.

Panel Facilitators:

Mr. Jim Batterson — Special Assistant on Loan from NASA to the Secretary of Education.
BS (Mathematics) and MS (Physics) College of William and Mary. He previously carried
out research in system identification applied to flight test data and served as Head of the
Dynamical Systems and Control Branch at NASA Langley Research Center. Mr. Batterson
most recently served as Deputy Director for Strategic Development. He has taught high
school physics and mathematics and served on the Newport News (VA) School Board and
New Horizons Governors School Board.

Dr. Charlie Sapp — BS (Aeronautical Engineering) U.S. Naval Academy; MS (Aeronautical
Engineering); MA (International relations and National Security); MA (Strategic Studies);
Ph.D (Organizational Leadership). Dr. Sapp previously served as a pilot in the Navy,
retiring as a Captain. He also served on Vice President Gore’s government reform task
force and as an examiner for the Malcolm Baldridge National Quality Award and the
President’s Quality Award programs. He is currently a member of the Hampton (VA) City
Council.
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A Brief Introduction and Some Background for K-12 Physics, Chemistry, and
' Engineering Panel Members -

Jim Batterson

There were more than 1.2 million children in Virginia K-12 schools in 2005. More than
one million (or approximately ninety per-cent) of these students were in public school, an
estimated 125,000 were in private schools, and 17,500 were home-schooled. The public
school students almost exclusively attend school in their county or city. In Virginia, these
counties and cities, when taken together comprise the 134 school divisions in the
Commonwealth." There are some wonderful programs of instruction in place and
numerous excellent teachers working in schools throughout these 134 school divisions.
Children complete some of these programs at some schools with incredible knowledge
and skills and proceed to be successful at some of the top colleges in the Nation. Other
students complete these courses or very good courses with highly qualified teachers and
are successful at a diverse range of colleges, two-year institutions, or in the workplace.
However, not all students have access to highly qualified teachers, exposure to specific
content, or support infrastructure — particularly in science and mathematics® - and many

- graduates go on to the workplace or further education after high school graduation feeling
unprepared, identified by their employers as unprepared, or requiring remedial, not-for-
credit courses’®. Outcomes are uneven within school divisions where, even when
technology and infrastructure are evenly distributed, a few schools may have more highly
qualified teachers than others. :

The United States has no national curriculum. The evolution of education in the United
States has left the responsibility for educating the Nation’s young to each State (Tenth
Amendment to the Constitution of the United States). A brief chronology of education in
the United States is drawn from Pulliam and Van Patten’s History of Education in

- America:

e 1600’s — 1750’s: Government involvement in education varies by geography.
Northern colonies require primary education first at home then at “schools” to be

! As a reference, there are approximately 50 million K-12 students nat10nw1de attendlng
school in approximately 15,000 school divisions.
2 In 1992, only twenty-two out of sixty-one high school mathematlcs teachers had a
subject-area degree (defined as 36 semester hours of Calculus or higher coursework) in a
review of transcripts of teachers in one large urban Virginia school division. More recent
data show that approximately 10% of high school students (grades 9-12) are enrolled in
-one or more AP (Advanced Placement) courses, 1% are in Governor’s Schools, and
0.25% are in IB (International Baccalaureate) Programs. This means that some 90% of
Virginia’s children rely on the Virginia Standards of Learning (SOL) to assure the quality
and appropriateness of their science course content.
? Rising to the Challenge: Are High School Graduates Prepared for College Work? A
- Study of Recent High School Graduates, College Instructors, and Employers Conducted
for Achieve, Inc, by Peter D. Hart Research Associates (February 2005).



established with tax dollars. Southern farm economy and demography focuses
more on home-schooling with a few free-schools sponsored by the wealthy.
‘Teachers in schools have minimal education. Teaching confined to reading,
arithmetic, writing, and religion (four R’s). Only two universities by 1700

- (Harvard and William & Mary — both religious as were the next ones, Yale,
Princeton). '

1770’s — 1850°s: State universities established; “Graded” primary schools
established (1820); high schools established (1830); still wide discrepancies
between northern cities and agricultural South. Most schools still one room,
utilitarian or worse; Establishment of teacher training “normal schools” (1830’s).
By 1850, 45% of children attended school and half the states had established
school systems.

1860’s — 1910: Establishment of Land Grant colleges for agriculture and
engineering (Morrill Act) by Federal government (industrial revolution). High
school growth (1890); standardization of curriculum 1910; 400 teacher training
(normal) schools by 1900. '

1910 - 1950’s: Establishment of vocational training schools; special education
curriculum; development of educational theories and research; national
accreditation standards; school year of 172 days with compulsory attendance
(1930); GI Bill for continuing education (1944); Vannevar Bush’s “The Endless
Frontier” emphasizing the critical importance of science to the U.S. economy and
National defense (NSF Report 1945)

1954 — today: Brown v. Board of Education; Cold War post-Sputnik focus on
Science and Mathematics; National Defense Education Act; Elementary and
Secondary Education Act (1965 — Title I) and amended to Improving America’s
~ Schools (1994), and to No Child Left Behind (2002); Teacher Corps; growth of

" kindergarten enrollment; much research into child psychology and learning;
Department of Education (Cabinet level) established 1979; A Nation at Risk
(1980’s); National Science Education Standards (1996); Science for All
Americans/Benchmarks/Project 2061 (1990°s). State Standards of Learning
(1990’s). Physics First (2000); ubiquitous availability of knowledge on the World
Wide Web (2000); Global outsourcing (2000); Computational technology double
exponential growth (Moore’s Law)

Today —2030: ?? Political, Econofnic, Social, Technology impacts ??

From this synopsis, we see that while education remains the responsibility of the states,
there has been increasing responsibility/authority taken on by the Federal Government,
particularly with and since the establishment of Land Grant colleges in 1862. Most
recently, two well-respected national organizations, the National Research Council of the
National Academies of Science and the American Association for the Advancement of



Science have developed documents that lay out potential national standards and
benchmarks for Science in the Nation’s schools K-12%.

In addition to these two national efforts, the past fifteen years has seen individual states
develop their own standards in a number of academic disciplines. Virginia began its
standards development under Governor Allen around 1994. The focus of these first
standards was school accountability. In an effort to assure accountability of all of
Virginia’s public schools with respect to some common course content, the Virginia
Standards of Learning (SOL) were created. These SOL are implemented as oufcome
standards in that the assessments or tests associated with them identify whether the
material was learned by students (as opposed to simply taught by teachers).

To further clarify what the SOL are intended to be and what they are not intended to be,
we can look at two excerpts from the Introduction to Virginia’s Science SOL:

e “The Science Standards of Learning for Virginia’s Public Schools identify
academic content for essential components of science curriculum at different
grade levels.” and;

‘e “The Standards of Learning are not intended to encompass the entire science
curriculum for a given grade level or course or to prescribe how the content -
should be taught. Teachers are encouraged to go beyond the standards and select
instructional strategies and assessment methods appropriate for their students.”

While conceived as minimal accountability standards (a floor), the content of the SOL
soon became the course outline for many teachers. As fiscal pressure, particularly
through the No Child Left Behind (NCLB) Federal legislation, increased for students to
pass these state assessments, school administrators put more pressure on teachers to
assure that their students would indeed pass. This pressure along with the large breadth
of the SOL for some courses, has precluded many teachers from “go(ing) beyond the
standards”. ' v

The standards are revised evéry seven years as a part of the formal review process
approved by the State Board of Education — science comes up for its next revision in
2010. The output from these panels will serve to inform that review process.

So the job of Physics team and Chemistry team is to develop some consensus around the
essentials of citizen knowledge in (Physics)/(Chemistry) for the next 25 years. That is,
what is the essential Physics or Chemistry knowledge that citizens should have to
understand the world around them, to make decisions on political questions that more and
more involve understanding of science and technology, to triage and understand the _
plethora of news and information that is available by the current World Wide Web and by
the next generation Internet. The task of the Engineering team is not too much different

* National Science Education Standards (National Academy Press, 1996) and Project
2061: Science for All Americans and Benchmarks (American Association for the -
Advancement of Science, 1990) — the latter two books are included in your package.



‘but will be a bit more broadly defined in terms of what Engineering Program would be
most appropriate for our students in the 21% century. As we will discuss when our team
meets, Engineering is not a part of the traditional curriculum for which there are SOL; it
has developed in the CTE (Career and Technical Education) wing of the Department of
Education. Thus we cannot look at an SOL content set for Engineering, but we will look
at various programs that our teachers have created and some national programs that have
been created.

In addition to the current Virginia Standards, the Physics and Chemistry teams will have
available to them sets of standards from other states that have been judged as “leaders” in
the development of quality standards’, the International Baccalaureate (IB) standards
which represent a consensus of representatives from more than 100 countries around the
world, and some “new” thinking (actually a decade old) by Leon Lederman on
sequencing and content of science courses.

We will also have for reference the National Science Education Standards, the Project
2061 Science for All Americans and Benchmarks, and the thinking of the American
Institute of Physics on an advanced high school Physics course - Improving Advanced
Study of Mathematics and Science in U.S. High Schools: Report of the Content Panel for
Physics (2002). What our team brings to the scene is unique — not claimed to be better or
worse just unique - from previous work in three ways: -

1. We are a team of content-centric practitioners — not education specialists.

2. We have the current range of standards developed and implemented over the past
decade as benchmarks — we have the advantage of standing back and evaluating
what’s been created there.

3. We bring a range of perspective from university research through government
laboratory technology and development to industry development and applications.

Finally, a reminder that our panels are NOT defining advanced course content — that
work is being done nationally and it focuses on the top 10% of our students. Our focus is
on ALL students in laying out a safety net of science (physics/chemistry) content that the
remaining 90% of our students need to be economically and pohtlcally productive
citizens of Virginia in the 21* Century.

On behalf of all the children in the Commonwealth, I thank you for contributing to this
unique endeavor.

5 Paul R. Gross: The State of State SCIENCE Standards. Thomas B. Fordham Institute
(2005).
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EXECUTIVE SUMMARY OF FINDINGS

In 2003, Horizon Research International was retained by the Kentucky Science and Technology
Corporation to conduct an on-line survey among science teachers in public middle and high
schools across Kentucky. The study was designed to measure the awareness, familiarity, and
plans for curriculum integration of 25 scientific and technological concepts that have been
identified as areas of growth in the Kentucky’s “New Economy.”

General Summary

The data from 241 interviews displayed results that were as varied as the concepts
themselves.

o General name awarehess of the concepts ranged from 99% for
the more publicly covered concepts such as Stem Cells to
just 5% for lesser known areas like Proteomics.

¢ Seventy-nine (79) percent of these teachers were familiar
with the concept of Alternative Fuels while only 2% had that
same familiarity with Proteomics

e There were large disparities between these concepts even
when it came to classroom integration. Almost half of the
surveyed teachers (42%) were currently teaching some aspect
of Alternative Fuels. On the other hand, only 1% of these
middle and high school teachers were covering any of the
principles of Proteomics in their classrooms.

Even with the wide range of attitudes and behaviors surrounding these concepts, more than
two out of every three teachers (69%) were currently teaching at least one of the concepts to
their students. However, only about two out of five (41%) were teaching three or more of
these concepts.

Consistently noted throughout this data is a significant difference between high school and
middle school teachers. Across all the key measures, high school teachers recorded
consistently higher ratings than their counterparts. However, this was to be expected given
the more advanced nature of high school curriculum compared to that taught in the middle

grades.

This gap was the largest when comparing current classroom integration. Where four out of
every five high school teachers were currently teaching one or more of these concepts, just
over half (53 percent) of middle school teachers were following that same behavior.

Summary By Discip m

While there was wide disparity between these concepts, there were clearly some
“disciplines” that, as a whole, were more recognized and integrated than others.

© 2004 Kentucky Science and Technology Corporation Page 8



e “Environmental and Energy Technologies” and “Biosciences”
were clearly the most popular among the five disciplines.
Nearly every teacher had heard of at least one of the
concepts associated with these areas and almost half (47
percent and 46 percent respectively) were currently teaching
one or more of the associated concepts in their classroom.

e “Materials and Advanced Manufacturing” and “Information
Technology and Communications” were on the opposite end
of the integration spectrum. While most teachers had heard
of at least some of the concepts, less than one out of five
were currently teaching any of them.

e Interestingly, almost half of the teachers (45 percent)
understood at least one of the “Information Technology and
- Communications” concepts well enough to teach, yet only 17
percent were currently taking advantage of their knowledge
by integrating it into their curriculum.

e “Human Health and Development” was the most varied of
the disciplines. This was likely due to the range of concepts
it represents. Every teacher had heard of at least one of the
discipline’s six concepts and two out of three (64 percent)
were comfortable enough to integrate one of them in their
curriculum. However, only one out of three was currently
imparting that knowledge to their students.

Summary Of Concept Awareness

As expected, the more publicized concepts were those with the greatest awareness while the
lesser known and more technical concepts fell to the bottom in terms of awareness. This was
true of both high school and middle school teachers.

Summary of Concept Familiarity

Familiarity with the concepts mirrored the awareness data. Concepts with the highest levels
of awareness were also the most familiar among these teachers.

Also consistent with the awareness findings, high school teachers had significantly higher
- levels of familiarity with most of these concepts than did middle school teachers.

Summ of Curriculum Integration

FolloWing the established pattern, the concepts with the most familiarity were also those that
were understood well enough to be integrated into classroom study.

© 2004 Kentucky Science and Technology Corporation Page 8



These same top concepts were also the ones most likely to actually make the transition into
the classroom. However, in most cases, only about half of the teachers who were
comfortable with the concept were actually teaching it to their students.

Again, the high school teachers were more likely to be currently teaching these concepts than
were middle school instructors.

Of further note, consistent across all of these concepts, there existed a gap between comfort
and actual integration. This base of teachers felt comfortable enough to integrate the
concept’s teachings and felt the concepts were grade appropriate, however, they were not
integrating them.

RESEARCH BACKGROUND AND METHODOLOGY

Background And Ob‘ectives

Horizon Research International was retained by the Kentucky Science And Technology
Corporation (KSTC) to measure awareness and knowledge among middle and high school
teachers regarding specific concepts related to five areas of new and emerging technologles

e Biosciences

e Human health and development

e Environmental and energy technologies

o Information technology and communications

e Materials science and advanced manufacturing

The objectives of the study were clearly focused on determining:
¢ Awareness levels for each concept
e Familiarity, or lack there of, with each concept

o Comfort level with integrating the concepts into the
classroom

e Current or future plans for teaching these concepts to
students

e Interest in learning more

e Profile of teachers by grade level taught and experience

A total of 25 concepts, selected through an extensive survey of recommendations from
scientists, engineers, educators, entrepreneurs and other businesspeople, were tested across
these five scientific areas.

© 2004 Kentucky Science and Technology Corp‘oration Page 10



Questionnaire Design

A questionnaire was developed by Horizon Research International with consultation from
representatives at the Kentucky Science and Technology Corporation.

The final questionnaire was then programmed for Internet-based administration and was
hosted on Horizon Research International’s secured Internet server.

Sample Design

Several steps were taken to ensure that the interviews completed would be representative of
Kentucky’s middle and high school teachers as a whole.

A “multi-staged” probability sampling process was used to sort 462 middle and high schools in
Kentucky on the criteria below so that schools from all regions, economic situations, and of
all sizes would be included in the proper proportion.

e Region (Eastern Kentucky, Western Kentucky, and Central)
e Percent of students receiving free lunch
e Number of enrolled students

Letters were sent to 120 randomly selected schools. These letters were followed with a
phone call from trained interviewers at Horizon Research International. The contact person
at the school was asked to provide their email address. However, after a lower than
expected response rate, contact was eventually attempted with all 462 middle and high

schools.

Horizon Research International then emailed each school contact requesting the email
addresses of all science teachers. Those contacts not responding to the initial email request
were sent at least two reminder emails requesting the information again. Contacts from 121
schools provided email addresses for their science teachers - a total of 602 teachers. A
complete sample disposition has been included in the full report.

A total of 241 teachers eventually completed the survey. In order to ensure these 241
teachers were representative of all middle and high schools in Kentucky, the data was
weighted to the actual proportion of the criteria initially used to stratify the sample - (region,
total enrollment, and percent of students on free and reduced lunch).

A sophisticated data tabulation software was then used to tabulate the data and analyze the
results. :

© 2004 Kentucky Science and Technology Corporation Page 11



SUMMARY TABLES (TOTAL RESULTS)

Percent Of Teachers Aware Of Concept
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Percent Of Teachers Familiar With Concept*
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Percenf Of Teachers That Understand Concept
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Percent Of Teachers Currently Teaching Concept
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Percent Of Teachers Who Want To Learn More About Concept
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PREFERRED METHODS OF CONTACT FOR
INFORMATION ON EMERGING CONCEPTS AND
NEW TECHNOLOGIES . '

TOP RESPONSES*

Written Materials
Available By Mail

Through A
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Conference Or
Seminar
In-service
Programs At
My School
0% 20% 40% 60% 80% 100%
Base = (229)
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. Most Preferred Method I3 Information That Way

But Not Most Preferred

*Among those who would be interested in learning more about af least ane of the concepts.

INTERNET USAGE FOR ADDITIONAL
INFORMATION ABOUT SUBJECTS BEING
TAUGHT
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| “Yabléof . .Search. . ‘Project2061
“Contents -Benchmaiks .~ .Home -

4. THE PHYSICAL SETTING e

A. The Universe
Kindergarten through Grade 2
"Grades 3 through 5 .
Grades 6 through 8
Grades 9 through 12
B. The Earth
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8
Grades 9 through 12
C. Processes that Shape the Earth
Kindergarten through Grade 2
- - Grades 3 through 5
Grades 6 through 8
Grades 9 through 12
D. The Structure of Matter
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8
Grades 9 through 12
E. Energy Transformations
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8
Grades 9 through 12
F. Motion
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8
: ~Grades 9 through 12
G. Forces of Nature '
~ Kindergarten through Grade 2
Grades 3 through 5 :
Grades 6 through 8

Grades 9 through 12

' Humans have never lost interest in trying to find out how the universe is put
together how it works, and where they fit in the cosmic scheme of things. The
development of our understanding of the architecture of the universe is surely
not complete, but we have made great progress. Given a universe that is made
up of distances too vast to reach and of particles too small to see and oo
numerous to count, it is a tribute io human inteiiigence that we have made as

http://www.project2061.org/publications/bsl/online/ch4/ch4.htm . : 1/12/2007
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much progress as we have in accounting for how things fit together. All humans
should participate in the pleasure of coming to know their universe better.
Science for All Americans

One of the grand success stories of science is the uhification of the physical universe. It turns
out that all natural objects, events, and processes are connected to each other in such a way
that only a relatively few concepts are needed to make sense of them.

In a way, this fact complicates efforts to delineate what students should know about the
makeup and structure of the universe. Any one arrangement of topics inevitably neglects many
cross-connections among topics. In the arrangement used here (and also in Science for All
Americans), benchmarks dealing with gravity, electromagnetism, and scale appear in several
different sections. For example, 4A: The Universe, 4B: The Earth, 4F: Motion, and 4G: Forces
of Nature are intimately linked by ideas of gravitational attraction and immense scales of
distance, mass, and time. And 4D: Structure of Matter, 4E: Energy Transformations, and 4G:
Forces of Nature are linked by ideas of electromagnetism and minute scales of distance,

mass, and energy. Benchmarks for any section are connected to others and should be read in
the context of the others.

The physical universe is a subject in which many ideas make high demands on students'
comprehension and imagination. Students in elementary school can only begin to form notions
of stars and matter. The drastically different scales of astronomical and atomic phenomena
can be learned only over many years. But it is important that all students develop a sense of
the context of place, time, and physical interactions in which their lives occur. Students in the
early years are especially curious about how the world works.

Consequently, there is a dilemma about when to introduce ideas into the curriculum. On the
one hand, rushing to teach elementary students about atoms or galaxies is not likely to be
productive. Most students will only learn to recite facts about them, with little comprehension.

On the other hand, discussion and images about such imponderables are common in the
popular media, and avoiding them seems unreasonable. The curriculum can focus on
experiences and ideas that are accessible to children-for example, how different other planets
are from the earth, or the different kinds of materials found in nature. And it can build in
precursors to eventual understanding, such as observable motions in the sky and observable
changes in materials.

. Chapte View L .
A. The Universe Contents “Rescarch Also See...

In earlier times, people everywhere were much more aware of the stars and were familiar with -

them in ways that few people today are. Back then, people knew the patterns of stars in the
night sky, the regularity of the motions of the stars, and how those motions related to the
seasons. They used their knowledge to plan the planting of crops and to navigate boats. The

~constellations, along with the sun, the moon, and the "wanderers"-the planets-have always
figured in the efforts of people to explain themselves and their world through stories, myths,
religions, and philosophies.
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For all of that, and for the sheer wonder the stars provoke on a clear, moonless night far from
city lights-awe that has inspired the expressive powers of poets, musicians, and artists-science
is not needed. Why, then, insist that everyone become familiar with the heavens as portrayed
by science? Consider that in cities the night sky is no longer a familiar part of a person's
neighborhood. Many people today live in circumstances that deprive them of the chance to see
the sky often enough to become personally familiar with it. Fortunately, telescopes,
photography, computers, and space probes make up the difference by revealing more of the
cosmos in greater detail than ever before. Thus, science education can bring back the sky-not
the same sky, but one that is richer and more varied than people's eyes alone had ever led

them to imagine.

Finding our place in the cosmic scheme of things and how we got here is a task for the ages-
past, present, and future. The scientific effort to understand the universe is part of that
enduring human imperative, and its successes are a tribute to human curiosity,
resourcefulness, intelligence, and doggedness. If being educated means having an informed
sense of time and place, then it is essential for a person to be familiar with the scientific
aspects of the universe and know something of its origin and structure.

In thinking about what students should learn about the heavens, at least three aspects of the
current scientific view ought to be taken into account: (1) the composition of the cosmos and its
scale of space and time; (2) the principles on which the universe seems to operate; and (3)
how the modern view of the universe emerged. The benchmarks in this section deal primarily
with composition and scale; principles are dealt with in subsequent sections of the chapter,
and some rudiments of the history of the scientific picture appear in Chapter 10: Historical
Perspectives. :

. . Chapter
Kindergarten through Grade 2 Contents

During these years, learning about objects in the sky should be entirely observational and
qualitative, for the children are far from ready to understand the magnitudes involved or to
‘make sense out of explanations. The priority is to get the students noticing and describing
what the sky looks like to them at different times. They should, for example, observe how the
moon appears to change its shape. But it is too soon to name all the moon's phases and much
too soon to explain them.

By the end of the 2nd grade, students should know that

"o There are more stars in the sky than anyone can easily count, but they are not
scattered evenly, and they are not all the same in brightness or color.

o The sun can be seen only in the daytime, but the moon can be seen sometimes at
night and sometimes during the day. The sun, moon, and stars all appear to
move slowly across the sky.

o The moon looks a little different every day, but looks the same again about every
four weeks.

Chapter
Grades 3 through 5  Contents
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Students should begin to develop an inventory of the variety of things in the universe. Planets
can be shown to be different from stars in two essential ways-their appearance and their
motion. When a modest telescope or pair of binoculars is used instead of the naked eyes,
stars only look brighter-and more of them can be seen. The brighter planets, however, clearly
are disks. (Not very large disks except in good-sized telescopes, but impressive enough after
seeing a lot of stars.) The fixed patterns of stars should be made more explicit, although
learning the constellation names is not important in itself. When students know that the star
patterns stay the same as they move across the sky (and gradually shift with the seasons),
they can then observe that the planets change their position against the pattern of stars.

Once students have looked directly at the stars, moon, and planets, use can be made of
photographs of planets and their moons and of various collections of stars to point out their
variety of size, appearance, and motion. No particular educational value comes from
memorizing their names or counting them, although some students will enjoy doing so. Nor
should students invest much time in trying to get the scale of distances firmly in mind. As to
numbers of stars in the universe, few children will have much of an idea of what a billion is;
thousands are enough of a challenge. (At this stage, a billion means more than a person could
ever count one-at-a-time in an entire lifetime.)

Students' grasp of many of the ideas of the composition and magnitude of the universe has to
grow slowly over time. Moreover, in spite of its common depiction, the sun-centered system
seriously conflicts with common intuition. Students may need compelling reasons to really
abandon their earth-centered views. Unfortunately, some of the best reasons are subtle and
make sense only at a fairly high level of sophistication.

Some ideas about light and sight are prerequisite to understanding astronomical phenomena.
Children should learn early that a large light source at a great distance looks like a small light
source that is much closer. This phenomenon should be observed directly (and, if possible,
photographically) outside at night. How things are seen by their reflected light is a difficult
“concept for children at this age, but is probably necessary for them to learn before phases of
the moon will make sense.

By the end of the 5th grade, students should know that
o The patterns of stars in the sky stay the same, although they appear to move
across the sky nightly, and different stars can be seen in different seasons.

» Telescopes magnify the appearance of some dlstant objects in the sky, mcludlng
the moon and the planets. The number of stars that can be seen through
telescopes is dramatically greater than can be seen by the unaided eye.

e Planets change their positions against the background of stars.

« The earth is one of several planets that orbit the sun, and the moon orbits around
the earth.

o Stars are like the sun, some being smaller and some larger, but so far away that
they look like points of light.

. Chapter
Grades 6 through 8  Contents
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Students should add more detail to their picture of the universe, pay increasing attention to
matters of scale, and back up their understanding with activities using a variety of astronomical
tools. Student access to star finders, telescopes, computer simulations of planetary orbits, or a
planetarium can be useful at this level. Figuring out and constructing models of size and
distance-for example, of the planets within the solar system-is probably the most effective
activity. Models with three dimensions are preferable to pictures and diagrams. Everyone
should experience trying to fashion a physical model of the solar system in which the same
scale is used for the sizes of the objects and the distances between them (as distinct from
most illustrations, in which distances are underrepresented by a factor of 10 or more).

Some experiences with how apparent positions of objects differ from different points of
observation will make plausible the estimation of distances to the moon and sun. Finding
distances by triangulation and scale drawings will help students to understand how the
distances to the moon and sun were estimated and why the stars must be very much farther
away. (The dependence of apparent size on distance can be used to pose the historically
important puzzle that star patterns do not appear any larger from one season to the next, even
though the earth swings a hundred million miles closer to them.)

Using light years to express astronomical distances is not as straightforward as it seems.
(Many adults think of light years as a measure of time.) Beginning with analogs such as
"automobile hours" may help.

By the end of the 8th grade, students should know that

« The sun is a medium-sized star located near the edge of a disk-shaped galaxy of
stars, part of which can be seen as a glowing band of light that spans the sky on
a very clear night. The universe contains many billions of galaxies, and each
galaxy contains many billions of stars. To the naked eye, even the closest of
these galaxies is no more than a dim, fuzzy spot.

« The sun is many thousands of times closer to the earth than any other star. Light
from the sun takes a few minutes to reach the earth, but light from the next
nearest star takes a few years to arrive. The trip to that star would take the
fastest rocket thousands of years. Some distant galaxies are so far away that
their light takes several billion years to reach the earth. People on earth,

‘therefore, see them as they were that long ago in the past.

« Nine planets of very different size, composition, and surface features move
around the sun in nearly circular orbits. Some planets have a great variety of
moons and even flat rings of rock and ice particles orbiting around them. Some
of these planets and moons show evidence of geologic activity. The earth is
orbited by one moon, many artificial sateilites, and debris.

o Large numbers of chunks of rock orbit the sun. Some of those that the earth -
meets in its yearly orbit around the sun glow and disintegrate from friction as
they plunge through the atmosphere-and sometimes impact the ground. Other
chunks of rocks mixed with ice have long, off-center orbits that carry them close
to the 'sun, where the sun's radiation (of light and particles) boils off frozen
material from their surfaces and pushes it into a long, illuminated tail.
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. -Chapter
Grades 9 through 12  Contents

This is the time for all of the pieces to come together. Concepts from physics and chemistry,
insights from history, mathematical ways of thinking, and ideas about the role of technology in
exploring the universe all contribute to a grasp of the character of the cosmos. In particular, the
role of gravity in forming and maintaining planets, stars, and the solar system should become
clear. The scale of billions will make better sense, and the speed of light can be used to
express relative distances conveniently.

By the end of the 12th grade, students should know that

« The stars differ from each other in size, temperature, and age, but they appear to
be made up of the same elements that are found on the earth and to behave
according to the same physical principles. Unlike the sun, most stars are in
systems of two or more stars orbiting around one another.

« On the basis of scientific evidence, the universe is estimated to be over ten
billion years old. The current theory is that its entire contents expanded
explosively from a hot, dense, chaotic mass. Stars condensed by gravity out of
clouds of molecules of the lightest elements until nuclear fusion of the light
elements into heavier ones began to occur. Fusion released great amounts of
energy over millions of years. Eventually, some stars exploded, producing
clouds of heavy elements from which other stars and planets could later
condense. The process of star formation and destruction continues.

« Increasingly sophisticated technology is used to learn about the universe. Visual,
radio, and x-ray telescopes collect information from across the entire spectrum
of electromagnetic waves; computers handle an avalanche of data and
increasingly complicated computations to interpret them; space probes send
back data and materials from the remote parts of the solar system; and
accelerators give subatomic particles energies that simulate conditions in the
stars and in the early history of the universe before stars formed.

« Mathematical models and computer simulations are used in studying evidence
from many sources in order to form a scientific account of the universe.

Chapter S Niew :
B. The Earth Contents Research “Also Sece...

An integrated picture of the earth has to develop over many years, with some concepts being

~__visited over and over again in new contexts and greater detail. Some aspects can be learned

in science, others in geography; some parts can be purely descriptive, others must draw on
physical principles. The benchmarks in this section complement those of the previous section
that locate the earth in the cosmos and those of the following section that focus on the surface
of the earth. This arrangement does not imply any particular order of teaching. Often, teaching
nnear-at-hand phenomena before teaching the far-distant ones makes sense; on the other
‘hand, sometimes the near-to-far progression that makes sense cognitively may not correspond
to what interests children.
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Perhaps the most important reason for students to study the earth repeatedly is that they take
years to acquire the knowledge that they need to complete the picture. The full picture requires
the introduction of such concepts as temperature, the water cycle, gravitation, states of matter,
chemical concentration, and energy transfer. Understanding of these concepts grows slowly as
children mature and encounter them in different contexts.

The benchmarks here call for students to be able to explain two phenomena-the seasons and
the phases of the moon-that are usually not learned well. Most adults are unable to give even
approximately correct explanations for them. Most students are told by teachers what causes
the seasons and the phases of the moon, and they read about them without understanding.
Moon phases are difficult because of students' unfamiliarity with the geometry of light and
"seeing." To help figure out the geometry, students can act out the sun-earth-moon
relationships and make physical models. In trying to understand the seasons, students have
difficulties regarding geometry and solar radiation. Students need direct experience with light
and surfaces-shadows, reflection, and warming effects at different angles.

. . Chapter
Kindergarten through Grade 2 Contents

There are many ways to acquaint children with earth-related phenomena that they will only
come to understand later as being cyclic. For instance, students can start to keep daily records
of temperature (hot, cold, pleasant) and precipitation (none, some, lots), and plot them by
week, month, and years. It is enough for students to spot the pattern of ups and downs,
without getting deeply into the nature of climate. They should become familiar with the freezing
of water and melting of ice (with no change in weight), the disappearance of wetness into the
air, and the appearance of water on cold surfaces. Evaporation and condensation will mean
nothing different from disappearance and appearance, perhaps for several years, until
students begin to understand that the evaporated water is still present in the form of invisibly
small molecules.

By the end of the 2nd grade, students should know that

o Some events in nature have a repeating pattern. The weather changes some from
day to day, but things such as temperature and rain (or snow) tend to be high,
low, or medium in the same months every year.

o Water can be a liquid or a solid and can go back and forth from one form to the
other. If water is turned into ice and then the ice is allowed to melt the amount of
water is the same as it was before freezing.

o Water left in an open container dlsappears but water in a closed container does
not disappear.

o o Chapter
Grades 3 through & Contents

During this period, students can begin to learn some of the surface features of the earth and
_also the earth's relation to the sun, moon, and other planets. Films, computer simulations, a
“planetarium, and telescopic observations will help, but it is essential that all students,

" sometimes working together in small groups, make physical models and explain what the
models show. At the same time, students can begin learning about scale (counting,
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comparative distances, volumes, times, etc.) in interesting, readily understood activities and
readings. However, scale factors larger than thousands, and even the idea of ratios, may be

difficult before early adolescence.

An important point to be made along the way is that one cannot determine how the solar
system is put together just by looking at it. Diagrams show what the system would look like if
people could see it from far away, a feat that cannot be accomplished. Telescopes and other
instruments do provide information, but a model is really needed to make sense out of the
information. (The realization that people are not able to see, from the outside, how the solar
system is constructed will help students understand the basis for the Copernican Revolution
when the topic arises later.)

In making diagrams to show, say, the relative sizes of the planets and the distances of the
planets from the sun, students may try to combine them using a single scale-and quickly
become frustrated. Perhaps this can lead to a discussion of the general limits of graphic
methods (including photographs) for showmg reality. In any case, at this stage a rough picture
of the organization of the solar system is enough.

Water offers another important set of experiences for students at this level. Students can-
conduct investigations that go beyond the observations made in the earlier grades to learn the
connection between liquid and solid forms, but recognizing that water can also be a gas, while
much more difficult, is still probably accessible. Perhaps the main thrust there is to try to figure
~out where water in an open container goes. This is neither self-evident nor easy to detect. But
the water cycle is of such profound importance to life on earth that students should certainly
have experiences that will in time contribute to their understanding of evaporation,
condensation, and the conservation of matter.

By the end of the 5th grade, students should know that

o Things on or near the earth are pulled toward it by the earth's gravity.

o Like all planets and stars, the earth is approximately spherical in shape. The
rotation of the earth on its axis every 24 hours produces the night-and-day cycle.
To people on earth, this turning of the planet makes it seem as though the sun,
moon, planets, and stars are orbiting the earth once a day.

* When liquid water disappears, it turns into a gas (vapor) in the air and can
reappear as a liquid when cooled, or as a solid if cooled below the freezing point
of water. Clouds and fog are made of tiny droplets of water.

o Air is a substance that surrounds us, takes up space, and whose movement we
feel as wind.

' Chapter
Grades 6 through 8  Contents

Students can now consolidate their prior knowledge of the earth (as a planet) by adding more
details (especially about climate), getting a firmer grasp of the geometry involved in explaining
the seasons and phases of the moon, improving their ability to handle scale, and shifting their
frame of reference away from the earth when needed. An inevitable paradox of the large

scales involved is that an ocean that is difficult to i amaglno holng 7 milag rlnnp also can bhe

cSwiTo 1w cal s it
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considered a "relatively thin" layer on the earth's surface. Students should exercise their
understanding of the paradox, perhaps by debating provocative questions such as "Is the
ocean amazingly deep or amazingly shallow?"

Gravity, earlier thought of as acting toward the ground, can by now be thought of as acting
toward the center of the spherical earth and reaching indefinitely into space. It is also time for
students to begin to look at the planet's role in sustaining life-a complex subject that involves
many different issues and benchmarks. In this section, the emphasis is on water and air as
essential resources. .

The cause of the seasons is a subtle combination of global and orbital geometry and of the
effects of radiation at different angles. Students can learn part of the story at this grade level,
but a complete picture cannot be expected until later.

By the end of the 8th grade, students should know that

o We live on a relatively small planet, the third from the sun in the only system of
planets definitely known to exist (although other, similar systems may be
discovered in the universe).

o The earth is mostly rock. Three-fourths of its surface is covered by a relatively
thin layer of water (some of it frozen), and the entire planet is surrounded by a
relatively thin blanket of air. It is the only body in the solar system that appears
able to support life. The other planets have compositions and conditions very
different from the earth's.

o Everything on or anywhere near the earth is pulled toward the earth's center by
gravitational force.

« Because the earth turns daily on an axis that is tilted relative to the plane of the
earth's yearly orbit around the sun, sunlight falls more intensely on different
parts of the earth during the year. The difference in heating of the earth's surface
produces the planet's seasons and weather patterns.

« The moon's orbit around the earth once in about 28 days changes what part of
the moon is lighted by the sun and how much of that part can be seen from the
earth-the phases of the moon.

« Climates have sometimes changed abruptly in the past as a result of changes in
the earth's crust, such as volcanic eruptions or impacts of huge rocks from
space. Even relatively small changes in atmospheric or ocean content can have
widespread effects on climate if the change lasts long enough.

« The cycling of water in and out of the atmosphere plays an important role in
determining climatic patterns. Water evaporates from the surface of the earth,
rises and cools, condenses into rain or snow, and falls again to the surface. The
water falling on land collects in rivers and lakes, soil, and porous layers of rock,
and much of it flows back into the ocean.

» Fresh water, limited in supply, is essential for life and also for most industrial
processes. Rivers, lakes, and groundwater can be depleted or polluted,
becoming unavailable or unsuitable for life.
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e Heat energy carried by ocean currents has a strong influence on climate around
the world.

» Some minerals are very rare and some exist in great quantities, but-for practical
purposes-the ability to recover them is just as important as their abundance. As
minerals are depleted, obtaining them becomes more difficult. Recycling and the
development of substitutes can reduce the rate of depletion but may also be
costly.

¢ The benefits of the earth's resources-such as fresh water, air, soil, and trees-can
be reduced by using them wastefully or by deliberately or inadvertently
destroying them. The atmosphere and the oceans have a limited capacity to
absorb wastes and recycle materials naturally. Cleaning up polluted air, water, or
soil or restoring depleted soil, forests, or fishing grounds can be very difficult
and costly.

Chapter
Grades 9 through 12 contents

Two important strands of understanding can now be pulled together to enrich students' views
of the physical setting. One strand connects such physical concepts and principles as energy,
gravitation, conservation, and radiation to the descriptive picture that students have built in
their minds about the operation of the planets. The other strand consists of the Copernican
Revolution, which illustrates the place of technology, mathematics, experimentation, and
theory in scientific breakthroughs. In the context of thinking about how the solar system is put
together, this historical event unites physics and astronomy, involves colorful personalities, and
raises deep philosophical and political issues.

By the end of the 12th grade, students should know that

 Life is adapted to conditions on the earth, including the force of gravity that
enables the planet to retain an adequate atmosphere, and an intensity of
radiation from the sun that allows water to cycle between liquid and vapor.

o Weather (in the short run) and climate (in the long run) involve the transfer of
energy in and out of the atmosphere. Solar radiation heats the land masses,
oceans, and air. Transfer of heat energy at the boundaries between the
atmosphere, the land masses, and the oceans results in layers of different
temperatures and densities in both the ocean and atmosphere. The action of
gravitational force on regions of different densities causes them to rise or fall-
and such circulation, influenced by the rotation of the earth, produces winds and
ocean currents.

C. Processes that Shape the Earth  contents  Research

Also See...

Students should learn what causes earthquakes, volcanos, and floods and how those events

shape the surface of the earth. Students, however, may show more interest in the phenomena
than in the role the phenomena play in sculpting the earth. So teachers should start with
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students' immediate interests and work toward the science. Students may find it harder to take
seriously the less-obvious, less-dramatic, long-term effects of erosion by wind and water,
annual deposits of sediment, the creep of continents, and the rise of mountains. Students'
recognition of those effects will depend on an improving sense of long time periods and
familiarity with the effect of multiplying tiny fractions by very large numbers (in this case, slow
rates by long times).

Students can start in the early grades with the ways in which organisms, themselves included,
modify their surroundings. As people have used earth resources, they have altered some earth
systems. Students can gradually come to recognize how human behavior affects the earth's
capacity to sustain life. Questions of environmental policy should be pursued when students
become interested in them, usually in the middle grades or later, but care should be taken not
to bypass science for advocacy. Critical thinking based on scientific concepts and
understanding is the primary goal for science education.

. Chapter
Kindergarien through Grade 2  Contents

Teaching geological facts about how the face of the earth changes serves little purpose in
these early years. Students should start becoming familiar with all aspects of their immediate
surroundings, including what things change and what seems to cause change. Perhaps
"changing things" can be a category in a class portfolio of things students observe and read
about. At some point, students can start thinking up and trying out safe and helpful ways to
change parts of their environment.

By the end of the 2nd grade, students should know that

o Chunks of rocks come in many sizes and shapes, from boulders to grains of
sand and even smaller.

e Changeis sométhing that happens to many things.

o Animals and plants sometimes cause changes in their surroundings.

a Chapter
Grades 3 through 5  Contents

In these years, students should accumulate more information about the physical environment,
becoming familiar with the details of geological features, observing and mapping locations of
hills, valleys, rivers, etc., but without elaborate classification. Students should also become
adept at using magnifiers to inspect a variety of rocks and soils. The point is not to classify
rigorously but to notice the variety of components.

- Students should now observe elementary processes of the rock cycle-erosion, transport, and
deposit. Water and sand boxes and rock tumblers can provide them with some firsthand
examples. Later, they can connect the features to the processes and follow explanations of
how the features came to be and still are changing. Students can build devices for
demonstrating how wind and water shape the land and how forces on materials can make
wrinkles, folds, and faults. Films of volcanic magma and ash ejection dramatize another source -
of buildup.
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By the end of the 5th grade, students should know that

o Waves, wind, water, and ice shape and reshape the earth's land surface by
eroding rock and soil in some areas and depositing them in other areas,
sometimes in seasonal layers.

o Rock is composed of different combinations of minerals. Smaller rocks come
from the breakage and weathering of bedrock and larger rocks. Soil is made
partly from weathered rock, partly from plant remains-and also contains many
living organisms.

. Chapter -~
Grades 6 through 8  Contents

At this level, students are able to complete most of their understanding of the main features of
the physical and biological factors that shape the face of the earth. This understanding will still
be descriptive because the theory of plate tectonics will not be encountered formally until high -
school. Of course, students should see as great a variety of landforms and soils as possible.

It is especially important that students come to understand how sedimentary rock is formed
periodically, embedding plant and animal remains and leaving a record of the sequence in
which the plants and animals appeared and disappeared. Besides the relative age of the rock
layers, the absolute age of those remains is central to the argument that there has been
enough time for evolution of species. The process of sedimentation is understandable and
~observable. But imagining the span of geologic time will be difficult for students.

By the end of the 8th grade, students should know that

e The interior of the earth is hot. Heat flow and movement of material within the
earth cause earthquakes and volcanic eruptions and create mountains and ocean
basins. Gas and dust from large volcanoes can change the atmosphere.

» Some changes in the earth's surface are abrupt (such as earthquakes and
volcanic eruptions) while other changes happen very slowly (such as uplift and
wearing down of mountains). The earth's surface is shaped in part by the motion
of water and wind over very long times, which act to level mountain ranges.

« Sediments of sand and smaller particles (sometimes containing the remains of
organisms) are gradually buried and are cemented together by dissolved
minerals to form solid rock again.

+ Sedimentary rock buried deep enough may be reformed by pressure and heat,
perhaps melting and recrystallizing into different kinds of rock. These re-formed
rock layers may be forced up again to become land surface and even mountains.
Subsequently, this new rock too will erode. Rock bears evidence of the minerals,
temperatures, and forces that created it.

» Thousands of layers of sedimentary rock confirm the long history of the
changing surface of the earth and the changing life forms whose remains are

found in successive layers. The youngest layers are not always found on top,
because of folding, breaking, and uplift of layers,
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« Although weathered rock is the basic component of soil, the composition and
texture of soil and its fertility and resistance to erosion are greatly influenced by
plant roots and debris, bacteria, fungi, worms, insects, rodents, and other
organisms.

« Human activities, such as reducing the amount of forest cover, increasing the
amount and variety of chemicals released into the atmosphere, and intensive
farming, have changed the earth’s land, oceans, and atmosphere. Some of these
changes have decreased the capacity of the environment to support some life

forms.

) Chapter
Grades 9 through 12 contents

The thrust of study should now turn to modern explanations for the phenomena the students
have learned descriptively and to consideration of the effects that human activities have on the
earth's surface. Knowledge of radioactivity helps them understand how rocks can be dated,
which helps them appreciate the scale of geologic time.

By the end of the 12th grade, students should know that

o Plants alter the earth's atmosphere by removing carbon dioxide from it, using the
carbon to make sugars and releasing oxygen. This process is responsible for the
oxygen content of the air.

o The formation, weathering, sedimentation, and reformation of rock constitute a
continuing "rock cycle” in which the total amount of material stays the same as
its forms change.

« The slow movement of material within the earth results from heat flowing out
from the deep interior and the action of gravitational forces on regions of
different density.

o The solid crust of the earth-including both the continents and the ocean basins-
consists of separate plates that ride on a denser, hot, gradually deformable layer
of the earth, The crust sections move very slowly, pressing against one another
in some places, pulling apart in other places. Ocean-floor plates may slide under
continental plates, sinking deep into the earth. The surface layers of these plates
may fold, forming mountain ranges.

« Earthquakes often occur along the boundaries between colliding plates, and
molten rock from below creates pressure that is released by volcanic eruptions,
helping to build up mountains. Under the ocean basins, molten rock may well up
between separating plates to create new ocean floor. Volcanic activity along the
ocean floor may form undersea mountains, which can thrust above the ocean's
surface to become islands.

Chapter . . ~“View °

D. The Structure of Matter  contents  ~Research . Also éa@-}-;
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This section may have the most implications for students' eventual understanding of the
picture that science paints of how the world works. And it may offer great challenges too.
Atomic theory powerfully explains many phenomena, but it demands imagination and the
joining of several lines of evidence. Students must know about the properties of materials and
their combinations, changes of state, effects of temperature, behavior of large collections of
pieces, the construction of items from parts, and even about the desirability of nice, simple
explanations. All of these elements should be introduced in middle school so the unifying idea
of atoms can begin by the end of the 8th grade.

The scientific understanding of atoms and molecules requires combining two closely related
ideas: All substances are composed of invisible particles, and all substances are made up of a
limited number of basic ingredients, or "elements.” These two merge into the idea that
combining the particles of the basic ingredients differently leads to millions of materials with
different properties. '

Students often get the idea that atoms somehow just fill matter up rather than the correct idea
that the atoms are the matter. Middle-school students also have trouble with the idea that
atoms are in continual motion. Coming to terms with these concepts is necessary for students
to make sense of atomic theory and its explanatory power.

The strategy here is to describe the complexity of atoms gradually, using evidence and
explanations from several connected story lines. Students first learn the notion that atoms
make up objects, not merely occupy space inside them; then they are introduced to crystal
arrays and molecules. With this understanding, they can imagine how molecules and crystals
lead to visible, tangible matter. Only then should the study of the internal structure of atoms be

taken up.

Bringing atomic and molecular theory into the earlier grades is a great temptation, but most
students are not ready to understand atomic theory before adolescence. The theory is certainly
essential to much of modern scientific explanation, but moving atomic/molecular theory
forward to the earlier grades should be resisted. The tiny size and huge number of atoms in
even a sand grain are vastly beyond even adult experience. Having students memorize the
names of invisible things and their parts gets things backward and wastes time. Concrete
perceptions must come before abstract explanations. Students need to become familiar with
the physical and chemical properties of many different kinds of materials through firsthand
experience before they can be expected to consider theories that explain them.

There seems to be no tidy and consistent way to relate the terms atom, molecule, ion,
polymer, and crystal. A facility in discussing these terms will grow slowly over time. Students
should also not rush into discussions of nuclear theory. The abstractions are too formidable.
The emptiness of the atom and its electrical balance, isotopes, decay, and radiation challenge
the human mind. The preparations for these concepts should be developed carefully over
several years so they can converge in high school.

. _‘Chapter
Kindergarten through Grade 2 - ‘Contents

*Students should examine and use a wide variety of objects, categorizing them according to
‘their various observable properties. They should subject materials to such treatments as ‘
mixing, heating, freezing, cutting, wetting, dissolving, bending, and exposing to light to see how
they change. Even though it is too early to expect precise reports or even consistent results
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from the students, they should be encouraged to describe what they did and how materials
responded.

Students should also get a lot of experience in constructing things from a few kinds of small
parts ("Tinkertoys" and "Legos"), then taking them apart and rearranging them. They should
begin to consider how the properties of objects may differ from properties of the materials they
are made of. And they should begin to inspect things with a magnifying glass to discover
features not visible without it.

By the end of the 2nd grade, students should know that

« Objects can be described in terms of the materials they are made of (clay, cloth,
paper, etc.) and their physical properties (color, size, shape, weight, texture,
flexibility, etc.).

o Things can be done to materials to change some of their properties, but hot all
materials respond the same way to what is done to them.

... .Chapter
Grades 3 through 5  Contents

The study of materials should continue and become more systematic and quantitative.
Students should design and build objects that require different properties of materials. They
should write clear descriptions of their designs and experiments, present their findings

. whenever possible in tables and graphs (designed by the students, not the teacher), and enter
' their data and results in a computer database.

Objects and materials can be described by more sophisticated properties-conduction of heat
and electricity, buoyancy, response to magnets, solubility, and transparency. Students should
measure, estimate, and calculate sizes, capacities, and weights. If young children can't feel the
weight of something, they may believe it to have no weight at all. Many experiences of
weighing (if possible on increasingly sensitive balances)-including weighing piles of small
things and dividing to find the weight of each-will help. It is not obvious to elementary students
that wholes weigh the same as the sum of their parts. That idea is preliminary to, but far short
of, the conservation principle to be learned later that weight doesn't change in spite of striking
changes in other properties as long as all the parts (including invisible gases) are accounted
for. ' _

With magnifiers, students should inspect substances composed of large collections of
particles, such as salt and talcum powder, to discover the unexpected details at smaller scales.
They should also observe and describe the behavior of large collections of pieces-powders,
marbles, sugar cubes, or wooden blocks (which can, for example, be "poured” out of a
“container) and consider that the collections may have new properties that the pieces do not.

By the end of the 5th grade, students should know that:

« Heating and cooling cause changes in the properties of materials. Many kinds of
changes occur faster under hotter conditions.

o No matter how parts of an object are assembled, the weight of the whole object
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made is always the same as the sum of the'parts; and when a thing is broken into
parts, the parts have the same total weight as the original thing.

o Materials may be composed of parts that are too small to be seen without
magnification.

o When a new material is made by combining two or more materials, it has
properties that are different from the original materials. For that reason, a lot of
different materials can be made from a small number of basic kinds of materials.

' Chapter
Grades 6 through 8  Contents

The structure of matter is difficult for this grade span. Historically, much of the evidence and
reasoning used in developing atomic/molecular theory was complicated and abstract. In
traditional curricula too, very difficult ideas have been offered to children before most of them
had any chance of understanding. The law of definite proportions in chemical combinations, so
obvious when atoms (and proportions) are well understood, is not likely to be helpful at this
level. The behavior of gases-such as their compressibility and their expansion with
temperature-may be investigated for qualitative explanation; but the mathematics of
quantitative gas laws is likely to be more confusing than helpful to most students. When
students first begin to understand atoms, they cannot confidently make the distinction between
atoms and molecules or make distinctions that depend upon it-among elements, mixtures, and
compounds, or between "chemical" and "physical" changes. An understanding of how things
happen on the atomic level-making and breaking bonds-is more important than memorizing the
official definitions (which are not so clear in modern chemistry anyway). Definitions can, of
course, be memorized with no understanding at all.

Going into details of the structure of the atom is unnecessary at this level, and holding back
makes sense. By the end of the 8th grade, students should have sufficient grasp of the general
idea that a wide variety of phenomena can be explained by alternative arrangements of vast
numbers of invisibly tiny, moving parts. Possible differences in atoms of the same element
should be avoided at this stage. Historically, the identical nature of atoms of the same element
was an assumption of atomic theory for a very long time.

When isotopes are introduced later, to explain subsequent observations, they can be a
surprise and a lesson in the nature of progress in science. The alternative-teaching atoms'
variety at the same time as the notion of their identity-seems Ilkely to be prohibitively confusing
to most students.

To that end, students should become familiar with characteristics of different states of matter-
now including gases-and transitions between them. Most important, students should see a
great many examples of reactions between substances that produce new substances very
different from the reactants. Then they can begin to absorb the rudiments of atomic/molecular
theory, being helped to see that the value of the notion of atoms lies in the explanations it
provides for a wide variety of behavior of matter. Each new aspect of the theory should be
developed as an explanation for some observed phenomenon and grasped falrly well before
going on to the next.

By the end of the 8th grade, students should know that
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« All matter is made up of atoms, which are far too small to see directly through a
microscope. The atoms of any element are alike but are different from atoms of
other elements. Atoms may stick together in well-defined molecules or may be
packed together in large arrays. Different arrangements of atoms into groups
compose all substances.

o Equal volumes of different substances usually have different weights.

« Atoms and molecules are perpetually in motion. Increased temperature means
greater average energy of motion, so most substances expand when heated. In
solids, the atoms are closely locked in position and can only vibrate. In liquids,
the atoms or molecules have higher energy, are more loosely connected, and can
slide past one another; some molecules may get enough energy to escape into a
gas. In gases, the atoms or molecules have still more energy and are free of one
another except during occasional collisions.

o The temperature and acidity of a solution influence reaction rates. Many
substances dissolve in water, which may greatly facilitate reactions between

them.

o Scientific ideas about elements were borrowed from some Greek philosophers of
2,000 years earlier, who believed that everything was made from four basic
substances: air, earth, fire, and water. It was the combinations of these
"elements" in different proportions that gave other substances their observable
properties. The Greeks were wrong about those four, but now over 100 different
elements have been identified, some rare and some plentiful, out of which
everything is made. Because most elements tend to combine with others, few
elements are found in their pure form.

o There are groups of elements that have similar properties, including highly
reactive metals, less-reactive metals, highly reactive nonmetals (such as
chlorine, fluorine, and oxygen), and some almost completely nonreactive gases
(such as helium and neon). An especially important kind of reaction between
substances involves combination of oxygen with something else-as in burning or
rusting. Some elements don't fit into any of the categories; among them are
carbon and hydrogen, essential elements of living matter.

« -No matter how substances within a closed system interact with one another, or
how they combine or break apart, the total weight of the system remains the
same. The idea of atoms explains the conservation of matter: If the number of
atoms stays the same no matter how they are rearranged, then their total mass

stays the same.

: Chapter
Grades 9 through 12  Contents

Understanding the general architecture of the atom and the roles played by the main
constituents of the atom in determining the properties of materials now becomes relevant.
Having learned earlier that all the atoms of an element are identical and are different from
those of all other elements, students now come up against the idea that, on the contrary,
atoms of the same element can differ in important ways. This revelation is an opportunity as
well as a complication-scientific knowledge grows by modifications, sometimes radical, of
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previous theories. Sometimes advances have been made by neglecting small inconsistencies,
and then further advances have been made later by attending closely to those inconsistencies.

Students may at first take isotopes to be something in addition to atoms or as only the unusual,
unstable nuclides. The most important features of isotopes (with respect to general scientific
literacy) are their nearly identical chemical behavior and their different nuclear stabilities.
Insisting on the rigorous use of isotope and nuclide is probably not worthwhile, and the latter
term can be ignored.

The idea of half-life requires that students understand ratios and the multiplication of fractions,
and be somewhat comfortable with probability. Games with manipulative or computer
simulations should help them in getting the idea of how a constant proportional rate of decay is
consistent with declining measures that only gradually approach zero. The mathematics of
inferring backwards from measurements to age is not appropriate for most students. They
need only know that such calculations are possible.

By the end of the 12th grade, students should know that

o Atoms are made of a positive nucleus surrounded by negative electrons. An
- atom's electron configuration, particularly the outermost electrons, determines
how the atom can interact with other atoms. Atoms form bonds to other atoms by
transferring or sharing electrons.

» The nucleus, a tiny fraction of the volume of an atom, is composed of protons
and neutrons, each almost two thousand times heavier than an electron. The
number of positive protons in the nucleus determines what an atom's electron
configuration can be and so defines the element. In a neutral atom, the number of
electrons equals the number of protons. But an atom may acquire an unbalanced
charge by gaining or losing electrons.

» Neutrons have a mass that is nearly identical to that of protons, but neutrons
have no electric charge. Although neutrons have little effect on how an atom
interacts with others, they do affect the mass and stability of the nucleus.
Isotopes of the same element have the same number of protons (and therefore of
electrons) but differ in the number of neutrons.

» The nucleus of radioactive isotopes is unstable and spontaneously decays,
emitting particles and/or wavelike radiation. It cannot be predicted exactly when,
if ever, an unstable nucleus will decay, but a large group of identical nuclei decay
at a predictable rate. This predictability of decay rate allows radioactivity to be
used for estimating the age of materials that contain radioactive substances.

« Scientists continue to investigate atoms and have discovered even smaller
constituents of which neutrons and protons are made.

» When elements are listed in order by the masses of their atoms, the same
sequence of properties appears over and over again in the list.

» Atoms often join with one another in various combinations in distinct molecules
or in repeating three-dimensional crystal patterns. An enormous variety of
biological, chemical, and physical phenomena can be explained by changes in
the arrangement and motion of atoms and moiecuies.
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o The configuration of atoms in a molecule determines the molecule’s properties.
Shapes are particularly important in how large molecules interact with-others.

« The rate of reactions among atoms and molecules depends on how often they
encounter one another, which is affected by the concentration, pressure, and
. temperature of the reacting materials. Some atoms and molecules are highly
effective in encouraging the interaction of others.

. Chapter ~ View
E. Energy Transformations  cContents Research

Also Ssec...
Energy is a mysterious concept, even though its various forms can be precisely defined and

" measured. At the simplest level, children can think of energy as something needed to make
things go, run, or happen. But they have difficulty distinguishing energy needs from other
needs-plants need water to live and grow; cars need water, oil, and tires; people need sleep,
etc. People in general are likely to think of energy as a substance, with flow and conservation
analogous to that of matter. That is not correct, but for most people it can be an acceptable
analogy. Although learning about energy does not make it much less mysterious, it is worth
trying to understand because a wide variety of scientific explanations are difficult to follow
without some knowledge of the concept of energy.

Energy is a major exception to the principle that students should understand ideas before
being given labels for them. Children benefit from talking about energy before they are able to
define it. Ideas about energy that students encounter outside of school-for example, getting
"qmck energy" from a candy bar or turning off a light so as not to "waste energy"- may be
imprecise but are reasonably consistent with ideas about energy that we want students to

learn.

Three energy-related ideas may be more important than the idea of energy itself. One is
energy transformation. All physical events involve transferring energy or changing one form of

. energy into another-radiant to electrical, chemical to mechanical, and so on. A second idea is
the conservation of energy. Whenever energy is reduced in one place, it is increased
somewhere else by exactly the same amount. A third idea is that whenever there is a
transformation of energy, some of it is likely to go into heat, Wthh spreads around and is
therefore not available for use.

Heat energy itself is a surprisingly difficult idea for students, who thoroughly confound it with
the idea of temperature. A great deal of work is required for students to make the distinction
successfully, and the heat/temperature distinction may join mass/weight, speed/acceleration,
and power/energy distinctions as topics that, for purposes of literacy, are not worth the
extraordinary time required to learn them. Because dissipated heat energy is at a lower
temperature, some students' confusion about heat and temperature leads them to infer that the
amount of energy has been reduced. On the other hand, some students' idea that dissipated
heat energy has been "exhausted" or "expended" may be tolerably close to the truth.

Similarly, units and formulas for kinetic and potential energy are more difficult than they are

worth for the semiquantitative understanding that we seek here. But the notion of potential
energy is still useful for some situations in which motion might occur (for example, gravitational
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eenergy in water behind a dam, mechanical energy in a cocked mousetrap, or chemical energy
iin a flashlight battery or sugar molecule).

Work, in the specialized sense used in physics, is often considered a useful, even necessary,
concept for dealing with ideas of energy. These benchmarks propose to do without a technical
definition of work for purposes of basic literacy, because it is so greatly confused with the
common English-language meaning of the word. The calculation of work as force times
distance is not essential to understanding many important ideas about energy. Running makes
you tired; rubbing your hands together makes them warmer; coming out of water makes you
feel cool.

Older students can grasp these ideas in a general way, but even they should not be expected
to understand them deeply. For young students, it may be enough at first to convince them that
energy is needed to get physical things to happen and that they should get in the habit of
wondering where the energy came from. Then, as they study physical, chemical, and biological
systems, many opportunities arise for them to see the many different forms energy takes and
to find out how useful the energy concepts are.

Teachers have to decide what constitutes a sufficient understanding of energy and its
transformations and conservation. As the benchmarks below indicate, in harmony with Science
for All Americans, qualitative approximations are more important and should have priority.
Much time can be invested in having students memorize definitions-for heat, temperature,
system, transformation, entropy, and the like-with little to show for it in the way of
understanding.

. Chapter
Kindergarten through Grade 2 Contents

No effort to introduce energy as a scientific idea ought to be organized in these first years. If
children use the term energy to indicate how much pep they have, that is perfectly all right, in
that the meaning is clear and no technical mischief has been done. By the end of the 2nd
grade, students should be familiar with a variety of ways of making things go and should
consider "What makes it go?" to be an interesting question to ask. Once they learn that
batteries wear down and cars run out of gasoline, turning off unneeded appliances can be said
to "save on batteries" and "save on gas.” The idea that is accessible at this age is that keeping
anything going uses up some resource. (Little is gained by having children answer, "Energy.")

By the end of the 2nd grade, students should know that:

o The sun warms the land, air, and water.

Chapter
Grades 3 through 5  Contents

Investing much time and effort in developing formal energy concepts can wait. The importance
of energy, after all, is that it is a useful idea. It helps make sense out of a very large number of
things that go on in the physical and biological and engineering worlds. But until students have
reached a certain point in their understanding of bits and pieces of the world, they gain little by
having such a tool. It is a matter of timing.
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‘The one aspect of the energy story in which students of this age can make some headway is
Jheat, which is produced almost everywhere. In their science and technology activities during
these years, students should be alerted to look for things and processes that give off heat-
Ilghts radios, television sets, the sun, sawing wood, polishing surfaces, bendlng things,
running motors, people, animals, etc.-and then for those that seem not to give off heat. Also,
the time is appropriate to explore how heat spreads from one place to another and what can
be done to contain it or shield things from it.

Students' ideas of heat have many wrinkles. In some situations, cold is thought to be

~ transferred rather than heat. Some materials may be thought to be intrinsically warm (blankets)
or cold (metals). Objects that keep things warm-such as a sweater or mittens-may be thought
to be sources of heat. Only a continuing mix of experiment and dlscussxon is Ilkely to dispel

these ideas.

Students need not come out of this grade span understanding heat or its difference from
temperature. In this spirit, there is little to be gained by having youngsters refer to heat as heat
energy. More important, students should become familiar with the warming of objects that start
out cooler than their environment, and vice versa. Computer labware probes and graphic
displays that detect small changes in temperature and plot them can be used by students to
examine many instances of heat exchange. Because many students think of cold as a
substance that spreads like heat, there may be some advantage in translating descnptnons of
transfer of cold into terms of transfer of heat.

By the end of the 5th grade, students should know that:

o Things that give off light often also give off héat. Heat is produced by mechanical
and electrical machines, and any time one thing rubs against something else.

« When warmer things are put with cooler ones, the warm ones lose heat and the
cool ones gain it until they are all at the same temperature. A warmer object can
warm a cooler one by contact or at a distance.

o Some materials conduct heat much better than others. Poor conductors can
reduce heat loss.

Chapter -
Grades 6 through 8  Contents

At this level, students should be introduced to energy primarily through energy transformations.
Students should trace where energy comes from (and goes next) in examples that involve
several different forms of energy along the way: heat, light, motion of objects, chemical, and
elastically distorted materials. To change something's speed, to bend or stretch things, to heat
or cool them, to push things together or tear them apart all require transfers (and some
transformations) of energy.

At this early stage, there may be some confusion in students' minds between energy and
energy sources. Focusing on energy transformations may get around this somewhat. Food,

gasoline, and batteries obviously get used up. But the energy they contain does not disappear;
it is changed into other forms of energy. :

The most primitive idea is that the energy needed for an event must come from somewhere.
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That should trigger chlldren s interest in asking, for any situation, where the energy comes from
'and (later) asking where it goes. Where it comes from is usually much more evident than
where it goes, because some usually diffuses away as radiation and random molecular motion.

A slightly more sophisticated proposition is the semiquantitative one that whenever some
energy seems to show up in one place, some will be found to disappear from another.
Eventually, the energy idea can become quantitative: If we can keep track of how much energy
of each kind increases and decreases, we find that whenever the energy in one place
decreases, the energy in other places increases by just the same amount. This energy-cannot-
be-created-or-destroyed way of stating conservation fully may be more intuitive than the
abstraction of a constant energy total within an isolated system. The quantitative (equal
amounts) idea should probably wait until high school.

‘Convection is not so much an independent means of heat transfer as it is an aid to transfer of
heat by conduction and radiation. Convection currents appear spontaneously when density
differences caused by heating (conduction and radiation) are acted on by a gravitational field.
(Though not in space stations, unless they are rotating.) But these subtleties are not
appropriate for most 8th graders.

By the end of the 8th grade, students should know that

o Energy cannot be created or destroyed, but only chahged from one form into
another.

« Most of what goes on in the universe-from exploding stars and biological growth
to the operation of machines and the motion of people-involves some form of
energy being transformed into another. Energy in the form of heat is almost
always one of the products of an energy transformation.

o Heat can be transferred through materials by the collisions of atoms or across
space by radiation. If the material is fluid, currents will be set up in it that aid the

transfer of heat.

o Energy appears in different forms. Heat energy is in the disorderly motion of
molecules; chemical energy is in the arrangement of atoms; mechanical energy
is in moving bodies or in elastically distorted shapes; gravitational energy is in
the separation of mutually attracting masses. ‘

Chaétcr
Grades 9 through 12 Contents

The concepts acquired in the earlier grades should now be extended to nuclear realms and
living organisms. Revisiting energy concepts in new contexts provides opportunities to improve
student understanding of the basic concepts and to see just how powerful they are.

Two other major ideas merit introduction during these years, but without resort to mathematics.
One of these is that the total amount of energy available for useful transformation is almost
always decreasing; the other is that energy changes on the atomic scale occur only in discrete
jumps. The first of those is not too difficult or implausible for students because they can
experience in many ways a wide variety of actions that give off heat. The emphasis should
probably be on the practical consequences of the loss of useful energy through heat
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dissipation.

On the other hand, the notion that energy changes in atoms can occur in only fixed amounts
with no intermediate values is strange to begin with and hard to demonstrate. Some evidence
should be presented for this scientific belief but not in great detail. The easiest phenomenon to
show, which is also a major reason for including quantum jumps in literacy, is the discrete
colors of light emitted by separate atoms, as in sodium-vapor or mercury-vapor lights. Another
major reason for having students encounter the quantum idea is to illustrate the point that in
science it is sometimes useful to invent ideas that run counter to intuition and prior experience.

An important application of the atom/energy relationship to bring to the attention of students is
that the distinctive light energies emitted or absorbed by different atoms enable them to be
identified on earth, in our sun, and even on the other side of the universe. This fact is a prime
example of the "rules are the same everywhere" principle.

By the end of the 12th grade, students should know that

o Whenever the amount of energy in one place or form diminishes, the amount in
other places or forms increases by the same amount.

« Heat energy in a material consists of the disordered motions of its atoms or
molecules. In any interactions of atoms or molecules, the statistical odds are that
they will end up with less order than they began-that is, with the heat energy
spread out more evenly. With huge numbers of atoms and molecules, the greater
disorder is almost certain.

o Transformations of energy usually produce some energy in the form of heat,
which spreads around by radiation or conduction into cooler places. Although
just as much total energy remains, its being spread out more evenly means less
can be done with it.

o Different energy levels are associated with different configurations of atoms and
molecules. Some changes of configuration require an input of energy whereas
others release energy.

« When energy of an isolated atom or molecule changes, it does so in a definite
jump from one value to another, with no possible values in between. The change
in energy occurs when radiation is absorbed or emitted, so the radiation also has
distinct energy values. As a result, the light emitted or absorbed by separate
atoms or molecules (as in a gas) can be used to identify what the substance is.

» Energy is released whenever the nuclei of very heavy atoms, such as uranium or
plutonium, split into middieweight ones, or when very light nuclei, such as those
of hydrogen and helium, combine into heavier ones. The energy reieased in each
nuclear reaction is very much greater than the energy given off in each chemical

reaction.
. Chapter View
F- MOtlon Contents .Research Also See...
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Nothing in the universe is at rest. Motion is as essential to understanding the physical world as
matter and energy are. Following the organization of Science for All Americans, the
benchmarks for motion constitute a wide range of topics, from the movement of objects to
vibrations and the behavior of waves. Rotary motion, as interesting as it is, poses much

- greater difficulties for students and is not included in the benchmarks.

The benchmarks for understanding the motion of objects.and repeating patterns of motion do
not demand the use of equations. For purposes of science literacy, a qualitative understanding
is sufficient. Equations may clarify relationships for the most mathematically apt students, but
for many students they are difficult and may obscure the ideas rather than clarify them. For
example, almost all students can grasp that the effect of a force on an object's motion will be
greater if the force is greater and will be less if the object has more mass-but learning a=F/m
(which to many teachers seems like the same thing) is apparently much harder.

_Newton's laws of motion are simple to state, and sometimes teachers mistake the ability of
students to recite the three laws correctly as evidence that they understand them. The fact that
it took such a long time, historically, to codify the laws of motion suggests that they are not
self-evident truths, no matter how obvious they may seem to us once we understand them
well. Much research in recent years has documented that students typically have trouble
relating formal ideas of motion and force to their personal view of how the world works.

These are three of the obstacles:

1. A basic problem is the ancient perception that sustained motion requires sustained force.
The contrary notion that it takes force to change an object's motion, that something in
motion will move in a straight line forever without slowing down unless a force acts on it,
runs counter to what we can see happening with our eyes.

2. Limitations in describing motion may keep students from learning about the effect of
forces. Students of all ages tend to think in terms of motion or no motion. So the first task
may be to help students divide the category of motion into steady motion, speeding up,
and slowing down. For example, falling objects should be described as falling faster and
faster rather than just falling down. As indicated earlier, the basic idea expressed in
Newton's second law of motion is not difficult to grasp, but vocabulary may get in the way
if students have to struggle over the meaning of force and acceleration. Both terms have
many meanings in common language that confound their specialized use in science.

3. Like inertia, the action-equals-reaction principle is counterintuitive. To say that a book
presses down on the table is sensible enough, but then to say that the table pushes back
up with exactly the same force (which disappears the instant you pick up the book)

- seems false on the face of it.

What is to be done? Students should have lots of experiences to shape their intuition about
‘motion and forces long before encountering laws. Especially helpful are experimentation and -
discussion of what happens as surfaces become more elastic or more free of friction.

Vibrations treated only descriptively bring no special problems, other than the occasional
confusion caused by the word speed being used in English for both frequency and velocity.
Does a guitar string move quickly (back and forth a thousand times a second) or slowly (only
15 miles or so per hour)? Similarly, is the earth's rotation slow (once a day) or fast (1,000 miles
per hour at the equator)? In the overall story of motion, vibrations serve in good part to
introduce the ideas of frequency and amplitude. Because there are so many exampies of
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vibrating systems that students can experience directly, they easily see vibration as a common
way for some things to move and see frequency as a measure of that motion.

Waves, on the other hand, present a greater challenge. Wave motion is familiar to children
through their experience with water. Surface waves on water provide the standard image of
what waves are, and ropes and springs can also be used to show some of the properties of
waves. Without formal schooling, young people learn that many other kinds of waves exist:
radio waves, x rays, radar, microwaves, sound waves, ultraviolet radiation, and more. But they
still might not know what these things are, how they relate to one another, what they have to
do with motion, or in what sense such waves are waves.

o Chapter
Kindergarten through Grade 2 Contents

From the outset, students should view, describe, and discuss all kinds of moving things-
themselves, insects, birds, trees, doors, rain, fans, swings, volleyballs, wagons, stars, etc.-
keeping notes, drawing pictures to suggest their motion, and raising questions: Do they move
in a straight line? Is their motion fast or slow? How can you tell? How many ways does a
growing plant move? The questions count more than the answers, at this stage. And students
should gain varied experiences in getting things to move or not to move and in changing the
direction or speed of things that are already in motion. -

Presumably students will start "making music" from the first day in school, and this provides an
opportunity to introduce vibrations as a phenomenon rather than a theory. With the drums,
bells, stringed and other instruments they use, including their own voices, they can feel the
vibrations on the instruments as they hear the sounds. These experiences are important for
their own sake and at this point do not need elaboration.

By the end of the 2nd grade, students should know that

« Things move in many different ways, such as straight, zigzag, round and round,
back and forth, and fast and slow.

~ o The way to change how something is moving is to give it a push or a pull.

e Things that make sound vibrate.

Chapter
Grades 3 through 5 Contents

Students should continue describing motion. And they can be more experimental and more
quantitative as their measurement skills sharpen. Determining the speed of fast things and
slow things can present a challenge that students will readily respond to. They also can work
out for themselves some of the general relationships between force and change of motion and
internalize the notion of force as a push or pull of one thing on another-whether rubber bands,
magnets, or explosions.

Students should also increase their inventory of examples of periodic motion and perhaps
devise ways of measuring different rates of vibration. And students should use prisms to see
that white light produces a whole "rainbow" of colors. (The idea that white Iight is "made up of"

P |

different colors is difficult and should be postponed to later grades.) There is nothing to be
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gained at this stage, however, from linking light to wave motion.

By the end of the 5th grade, students should know that:

« Changes in speed or direction of motion are caused by forces. The greater the
force is, the greater the change in motion will be. The more massive an object is,
the less effect a given force will have.

« How fast things move differs greatly. Some things are so slow that their journey
takes a long time; others move too fast for people to even see them.

§ Chapter
Grades 6 through 8  Contents

The force/motion relationship can be developed more fully now and the difficult idea of inertia
be given attention. Students have no trouble believing that an object at rest stays that way
unless acted on by a force; they see it every day. The difficult notion is that an object in motion
will continue to move unabated unless acted on by a force. Telling students to disregard their
eyes will not do the trick-the things around them do appear to slow down of their own accord
unless constantly pushed or pulled. The more experiences the students can have in seeing the
effect of reducing friction, the easier it may be to get them to imagine the friction-equals-zero
case. ~

Students can now learn some of the properties of waves by using water tables, ropes, and
springs, and quite separately they can learn about the electromagnetic spectrum, including the
assertion that it consists of wavelike radiations. Wave length should be the property receiving
the most attention but only minimal calculation.

By the end of the 8th grade, students should know that

o Light ffom the sun is made up of a mixture of many different colors of light, even
though to the eye the light looks almost white. Other things that give off or reflect
light have a different mix of colors.

o Something can be "seen" when light waves emitted or reflected by it enter the
eye-just as something can be "heard” when sound waves from it enter the ear.

« An unbalanced force acting on an object changes its speed or direction of
motion, or both. If the force acts toward a single center, the object’'s path may
curve into an orbit around the center.

o Vibrations in materials set up wavelike disturbances that spread away from the
source. Sound and earthquake waves are examples. These and other waves
move at different speeds in different materials.

« Human eyes respond to only a narrow range of wavelengths of electromagnetic
radiation-visible light. Differences of wavelength within that range are perceived
as differences in color.

Cha'pler
Grades 9 through 12 Contents
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!At this level, students learn about relative motion, the action/reaction principle, wave behavior,
'the interaction of waves with matter, the Doppler effect now used in weather observations, and
the red shift of distant galaxies. Relative motion is fun-students find it interesting to figure out
their speeds in different reference frames, and many activities and films illustrate this principle.
Learning this concept is important for its own sake and for the part it plays in the changing
reference frames of the Copernican Revolution, and in simple relativity.

This level is also a time to show the power of mathematics. Once students are fully convinced
that change in motion is proportional to the force applied, then mathematical logic requires that
when F = 0, there be no change in motion. (So Newton's first law is just a special case of his
second.) Students can move from a qualitative understanding of the force/motion relationship
‘(more force changes motion more; more mass is harder to change) to one that is more
quantitative (the change in motion is directly proportional to the amount of force and inversely
proportional to the mass). Experimentally, they can learn that the change in motion of an object
is proportional to the applied force and inversely proportional to the mass-a step beyond
knowing that change in motion goes up with increasing force and down with increasing mass.

Students should come to understand qualitatively that (1) doubling the force on an object of a
given mass doubles the effect the force has, tripling triples the effect, and so on; and (2) that

whatever effect a given force has on an object, it will have half the effect on an object having

twice the mass, a third on one having triple the mass, and so on. This need not entail having

students solving lots of numerical problems.

The qualitative principle also applies to waves. Even as simple a relationship as speed =
wavelength x frequency poses difficulties for many students. A sufficient minimum is that
students develop semiquantitative notions about waves-for example, higher frequencies have
shorter wavelengths and those with longer wavelengths tend to spread out more around
obstacles.

The effect of wavelength on how waves interact with matter can be developed through
intrinsically interesting phenomena-such as the blueness of the sky and redness of sunsets
resulting from light of short wavelengths being scattered most by the atmosphere, or the color
of grass resulting from its absorbing light of both shorter and longer wavelengths while
reflecting the intermediate green. Electromagnetic waves with different wavelengths have
different effects on the human body. Some pass through the body with little effect, some tan or
injure the skin, and some are absorbed in different amounts by internal organs (sometimes
injuring cells). '

By the end of the 12th grade, students should know that

« The change in motion of an object is proportional to the applied force and
inversely proportional to the mass. ,

« All motion is relative to whatever frame of reference is chosen, for there is no
motionless frame from which to judge all motion.

« Accelerating electric charges produce electromagnetic waves around them. A
great variety of radiations are electromagnetic waves: radio waves, microwaves,
radiant heat, visible light, ultraviolet radiation, x rays, and gamma rays. These
wavelengths vary from radio waves, the longest, to gamma rays, the shortest. In
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empty space, all electromagnetic waves move at the same speed-the "speed of
light."

« Whenever one thing exerts a force on another, an equal amount of force is
exerted back on it.

o The observed wavelength of a wave depends upon the relative motion of the
source and the observer. If either is moving toward the other, the observed
wavelength is shorter; if either is moving away, the wavelength is longer.
Because the light seen from almost all distant galaxies has longer wavelengths
than comparable light here on earth, astronomers believe that the whole universe
is expanding.

+ Waves can superpose on one another, bend around corners, reflect off surfaces,
be absorbed by materials they enter, and change direction when entering a new
material. All these effects vary with wavelength. The energy of waves (like any
form of energy) can be changed into other forms of energy.

Chapte Vie L
G. Forces of Nature Cont%ntrs Rese::ch Also See...

For a good many school years, force may be treated as the originator of motion, and an
explanation of force itself may be postponed. But the force between a bat and a ball has an
entirely different origin than that between the earth and the moon. In helping students broaden
their understanding of the fundamental forces of nature, the emphasis should be on

gravitational and electromagnetic forces. Wit oo d nneligy T
———-————‘é——

The general idea of universal gravitation and how weak it is compared to other kinds of forces
is sufficient. Working out numerical problems adds little and is very likely to leave many
students behind. The math is not hard but the units are baffling. A paradoxical idea for
students is how weak gravity is compared to electric and magnetic forces. Gravity becomes
appreciable only when very large accumulations of matter figure, such as that of a student and
the entire earth. To students, gravitational forces seem strong compared to the trivial electric
forces on dry hair charged by combing. But they can be led to see quite the opposite: The
whole earth is required to pull a hair down by gravity, while only a small amount of charge is
needed to force it up electrically against gravity.

Electric and magnetic forces and the relationship between them ought also to be treated
qualitatively. Fields can be introduced, but only intuitively. Most important is that students get a
sense of electric and magnetic force fields (as well as of gravity) and of some simple relations
between magnets and electric currents. Direction rules have little importance for general
literacy. The priority should be on what conditions produce a magnetic field and what
conditions induce an electric current. Diagrams of electric and magnetic fields promote some
misconceptions about "lines of force," notably that the force exists only on those lines.
Students should recognize that the lines are used only to show the direction of the field.

. . Chapter
Kindergarten through Grade 2 = Contents

The focus shouid be on motion and on encouraging chiidren to be observant about when and
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»how things seem to move or not move. They should notice that things fall to the ground if not

“held up. They should observe motion everywhere, making lists of different kinds of motion and
what things move that way. Even in the primary years, children should use magnets to get
things to move without touching them, and thereby learn that forces can act at a distance with
no perceivable substance in between.

By the end of the 2nd grade, students should know that

o Things near the earth fall to the ground unless something holds them up.

» Magnets can be used to make some things move without being touched.

. Chapter
Grades 3 through 5 Contents

The main notion to convey here is that forces can act at a distance. Students should carry out
investigations to become familiar with the pushes and pulls of magnets and static electricity.
The term gravity may interfere with students' understanding because it often is used as an
empty label for the common (and ancient) notion of "natural motion" toward the earth. The
important point is that the earth pulls on objects.

By the end of the 5th grade, students should know that

e The earth's gravity pulls any object toward it without touching it.

o Without touching them, a magnet pulls on all thihgs made of iron and either
pushes or pulls on other magnets.

o Without touching them, material that has been electrically charged pulis on all
other materials and may either push or pull other charged materials.

‘Chapter
Grades 6 through 8  Contents

The idea of gravity-up until now seen as something happening near the earth's surface-can be
generalized to all matter everywhere in the universe. Some demonstration, in the laboratory or
on film or videotape, of the gravitational force between objects may be essential to break
through the intuitive notion that things just naturally fall. Students should make devices to
observe the magnetic effects of current and the electric effects of moving magnets. At first, the
devices can be simple electromagnets; later, more complex devices, such as motor kits, can
be introduced.

-By the end of the 8th grade, students should know that

o Every object exerts gravitational force on every other object. The force depends
on how much mass the objects have and on how far apart they are. The force is
hard to detect unless at least one of the objects has a lot of mass.

o The sun's gravitational pull holds the earth and other planets in their orbits, just
as the planets' gravitational pull keeps their moons in orbit around them.
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e Electric currents and magnets can exert a force on each other.

Chapter
Grades 9 through 12 Contents

Students should now learn how well the principle of universal gravitation explains the
architecture of the universe and much that happens on the earth. The principle will become
familiar from many different examples (star formation, tides, comet orbits, etc.) and from the
study of the history leading to this unification of earth and sky. The "mversely proporhonal to
the square" aspect is not a high priority for literacy. Much more important is escaping the
common adult misconceptions that the earth's gravity does not extend beyond its atmosphere
or that it is caused by the atmosphere.

Study of the nature of electric and magnetic forces should be joined to the study of the atom.
What is likely to surprise many students is how much more powerful electromagnetic forces
are than the gravitational forces, which are negligible on an atomic scale. Some students may
have trouble seeing mechanical forces, such as pushing on an object with a stick, as being
produced by electric charges on the atomic scale. It may help for them to recognize that the
electric forces they do observe commonly (such as "static cling") result from extremely slight
imbalances of electric charges. As students come to believe in the action/reaction principle,
they will expect forces to be mutual.

By the end of the 12th grade, students should know that

o Gravitational force is an attraction between masses. The strength of the force is
proportional to the masses and weakens rapidly with increasing distance
between them.

o Electromagnetic forces acting within and between atoms are vastly stronger than
the gravitational forces acting between the atoms. At the atomic level, electric
forces between oppositely charged electrons and protons hold atoms and
molecules together and thus are involved in all chemical reactions. On a larger
scale, these forces hold solid and liquid materials together and act between
objects when they are in contact-as in sticking or sliding friction.

+ There are two kinds of charges-positive and negative. Like charges repel one
another, opposite charges attract. In materials, there are aimost exactly equal
proportions of positive and negative charges, making the materials as a whole
electrically neutral. Negative charges, being associated with electrons, are far
more mobile in materials than positive charges are. A very small excess or deficit
of negative charges in a material produces noticeable electric forces.

« Different kinds of materials respond differently to electric forces. In conducting
materials such as metals, electric charges flow easily, whereas in insulating
materials such as glass, they can move hardly at all. At very low temperatures,
some materials become superconductors and offer no resistance to the flow of
current. In between these extremes, semiconducting materials differ greatly in
how well they conduct, depending on their exact composition.

» Magnetic forces are very closely related to electric forces and can be thought of
as different aspects of a single electromagnetic force. Moving electric charges
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produce magnetic forces and moving magnets produce electric forces. The
interplay of electric and magnetic forces is the basis for electric motors,
generators, and many other modern technologies, including the production of
electromagnetic waves.

e The forces that hold the nucleus of a%tom_tggethe ch stronger than the
electromagnetic force. That is why sdch great amounts of energy are released

from the nuclear reactions in the sun and
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11. COMMON THEMES  resouren

A. Systems
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8

‘ Grades 9 through 12

B. Models
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8
Grades 9 through 12

C. Constancy and Change
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8
Grades 9 through 12

D. Scale
Kindergarten through Grade 2
Grades 3 through 5
Grades 6 through 8
Grades 9 through 12

Some important themes pervade science, mathematics, and technology and
appear over and over again, whether we are looking at an ancient civilization,
the human body, or a comet. They are ideas that transcend disciplinary
boundaries and prove fruitful in explanation, in theory, in observation, and in
design. :

Science for All Americans

Some powerful ideas often used by mathematicians, scientists, and engineers are not the
intellectual property of any one field or discipline. Indeed, notions of system, scale, change and
constancy, and models have important applications in business and finance, education, law,
government and politics, and other domains, as well as in mathematics, science, and
‘technology. These common themes are really ways of thinking rather than theories or
discoveries. (Energy also represents a prominent tool for thinking in science and technology,
but because it is part of the content of science, it is not included here as a theme.) Science for
All Americans recommends what all students should know about those themes, and the
benchmarks in the four sections below suggest how student understanding of them should
grow over the school years. Although the context of both Science for All Americans and
Benchmarks is mainly science, mathematics, and technology, other contexts are identified
here to emphasize the general usefulness of these themes.
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" Chapter View
A. Systems Contents ‘Rescarch . ‘Also See...

One of the essential components of higher-order thinking is the ability to think about a whole in
terms of its parts and, alternatively, about parts in terms of how they relate to one another and
to the whole. People are accustomed to speak of political systems, sewage systems,
transportation systems, the respiratory system, the solar system, and so on. If pressed, most
people would probably say that a system is a collection of things and processes (and often
people) that interact to perform some function. The scientific idea of a system implies detailed
attention to inputs and outputs and interactions among the system components. If these can
be specified quantitatively, a computer simulation of the system might be run to study its
theoretical behavior, and so provide a way to define problems and investigate complex
phenomena. But a system need not have a "purpose"” (e.g., an ecosystem or the solar system)
and what a system includes can be imagined in any way that is interesting or useful. Students
in the elementary grades study many different kinds of systems in the normal course of things,
but they should not be rushed into explicit talk about systems. That can and should come in
middle and high school.

Children tend to think of the properties of a system as belonging to individual parts of it rather
than as arising from the interaction of the parts. A system property that arises from interaction
of parts is therefore a difficult idea. Also, children often think of a system only as something

_that is made and therefore as obviously defined. This notion contrasts with the scientific view
of systems as being defined with particular purposes in mind. The solar system, for example,
can be defined in terms of the sun and planets only, or defined to include also the planetary
moons and solar comets. Similarly, not only is an automobile a system, but one can think of an
automotive system that includes service stations, oil wells, rubber plantations, insurance, traffic
laws, junk yards, and so on.

The main goal of having students learn about systems is not to have them talk about systems
in abstract terms, but to enhance their ability (and inclination) to attend to various aspects of
particular systems in attempting to understand or deal with the whole system. Does the student
troubleshoot a malfunctioning device by considering connections and switches-whether using
the terms input, output, or controls or not? Does the student try to account for what becomes of
all of the input to the water cycle-whether using the term conservation or not? The vocabulary
will be helpful for students once they have had a wide variety of experiences with systems
thinking, but otherwise it may mistakenly give the impression of understanding. Learning about
systems in some situations may not transfer well to other situations, so systems should be
encountered through a variety of approaches, including designing and troubleshooting. Simple
systems (a pencil or mousetrap), of course, should be encountered before more complex ones
(a stereo system, a plant, the continuous manufacture of goods, ecosystems, or school
~government).

A persistent student misconception is that the properties of an assembly are the same as the
properties of its parts (for example, that soft materials are made of soft molecules). Sometimes
it is true. For example, a politically conservative organization may be made up entirely of
conservative individuals. But some features of systems are unlike any of their parts. Sugar is
sweet, but its component atoms (carbon, oxygen, and hydrogen) are not. The system property
may result from what its parts are like, but the parts themselves may not have that property. A
grand example is life as an emergent property of the complex interaction of complex

molecules.
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B et ord i $1 b Crade ,,élhapter
Hindergarten through Grade 2 Contents

Students in the elementary grades acquire the experiences that they will use in the middle
grades and beyond to develop an understanding of systems concepts and their applications.
They also can begin to attend to what affects what. Frequent discussion of how one thing
affects another lays the ground for recognizing interactions. Another tack for focusing on
interaction is to raise the question of when things work and when they do not-owing, say, to
missing or broken parts or the absence of a source of power (batteries, gasoline).

Students should practice identifying the parts of things and how one part connects to and
affects another. Classrooms can have available a variety of dissectable and rearrangeable
objects, such as gear trains and toy vehicles and animals, as well as conventional blocks,
dolls, and doll houses. Students should predict the effects of removing or changing parts.

By the end of the 2nd grade, students should know that

¢ Most things are made of parts.
« Something may not work if some of its parts are missing.

« When parts are put together, they can do things that they couldn't do by
themselves.

Chapter
Grades 3 through 5  Contents

Hands-on experience with a variety of mechanical systems should increase. Classrooms can

have "take-apart" stations where a variety of familiar hardware devices can be taken apart

(and perhaps put back together) with hand tools. Devices that are commonly purchased

disassembled can be provided, along with assembly instructions, to emphasize the importance

of the proper arrangement of parts (and incidentally, the importance of language-arts skills,
which are needed to read and follow instructions).

By the end of the 5th grade, students should know that

« In something that consists of many parts, the parts usually influence one
another. ‘ ,

« Something may not work as well (or at all) if a part of it is missing, broken, worn
out, mismatched, or misconnected.

Chapter
Grades 6 through 8  Contents

Systems thinking can now be made explicit-suggesting analysis of parts, subsystems,
interactions, and matching. But descriptions of parts and their interaction are more important
than just calling everything a system.

Student projects should now entail analyzing, designing, assembling, and troubleshooting
systems-mechanical, electrical, and biological-with easily discernible components. Students
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.can take apart and reassemble such things as bicycles, clocks, and mechanical toys and build
‘battery-driven electrical circuits that actually operate something. They can assemble a sound
system and then judge how changing different components affects the system's output, or
observe aquariums and gardens while changing some parts of the system or adding new
parts. The idea of system should be expanded to include connections among systems. For
example, a can opener and a can may each be thought of as a system, but they both-together
with the person using them-form a larger system without which neither can be put to its

intended use.

By the end of the 8th grade, students should know that

e A system can include processes as well as things.

« Thinking about things as systems means looking for how every part relates to
others. The output from one part of a system (which can include material, energy,
or information) can become the input to other parts. Such feedback can serve to -
control what goes on in the system as a whole.

e Any systefn is usually connected to other systems, both internally and externally.
Thus a system may be thought of as containing subsystems and as being a
subsystem of a larger system.

“sChapter
Grades 9 through 12  Contents

Students should have opportunities-in seminars, projects, readings, and experiments-to reflect
on the value of thinking in terms of systems and to apply the concept in diverse situations.
They should often discuss what properties of a system are the same as the properties of its
parts and what properties arise from interactions of its parts or from the sheer number of parts.
They should learn to see feedback as a standard aspect of systems. The definitions of
negative and positive feedback may be too subtle, but students can understand that feedback
may oppose changes that do occur (and lead to stability), or may encourage more change
(and so drive the system toward one extreme or another). Eventually, they can see how some
delay in feedback can produce cycles in a system's behavior.

By the end of the 12th grade, students should know that

« A system usually has some properties that are different from those of its parts,
but appear because of the interaction of those parts.

o Understanding how things work and designing solutions to problems of almost
any kind can be facilitated by systems analysis. In defining a system, it is
important to specify its boundaries and subsystems;, indicate its relation to other
systems, and identify what its input and its output are expected to be.

o The successful operation of a designed system usually involves feedback. The
feedback of output from some parts of a system to input of other parts can be
used to encourage what is going on in a system, discourage it, or reduce its
discrepancy from some desired value. The stability of a system can be greater
when it includes appropriate feedback mechanisms.
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o Even in some very simple systems, it may not always be possible to predlct
accurately the result of changing some part or connection.

. Chapter B
B. Models Contents Also See...

Physical, mathematical, and conceptual models are tools for learning about the things they are
meant to resemble. Physical models are by far the most obvious to young children, so they
should be used to introduce the idea of models. Dolls, stuffed animals, toy cars and airplanes,
and other everyday objects can stimulate discussions about how those things are like and
unlike the real things. The term model should probably be used to refer only to physical models
in the early grades, but the notion of likeness will be the central issue in using any kind of
model.

The usefulness of conceptual models depends on the ability of people to imagine that

- something they do not understand is in some way like something that they do understand.
Imagery, metaphor, and analogy are every bit as much a part of science as deductive logic,
and as much at home in science as in the arts and humanities. Students cannot be expected
to become adept in the use of conceptual models, however, until they get to know quite a bit
about materials, things, and processes in the accessible world around them through direct,
hands-on experience. The curriculum emphasis, therefore, should be on a rich variety of
experiences, not on generalizations about conceptual models. Moreover, students need to
acquire images and understandings that come from drawing, painting, sculpting, playing
music, acting in plays, listening to and telling stories, reading, participating in games and
sports, doing work, and living life.

By their nature, mathematical models are usually more abstract than physical and conceptual
models. The connection of mathematics to concrete matters, and hence its value for modeling,
could be substantially stronger if mathematics were often taught as part of science, social
studies, technology, health, gym, music, and other subjects, rather than only during
"mathematics time." One of the drawbacks of teaching mathematics entirely as a separate
subject is that mathematics is taught before real-world problems are identified, so the related
exercises may have mostly to do WIth learning the procedures rather than with solving
interesting problems.

Chapter
Kindergarten through Grade 2 “Contents

Every opportunity should be taken to get students to talk about how the things they play with

relate to real things in the world. The more imaginative the conversation the better, for insisting
upon accuracy at this level may hinder other important developments.

By the end of the 2nd grade, students should know that

o Many of the toys children play with are like real things only in some ways. They
are not the same size, are missing many details, or are not able to do all of the
same things.
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o A model of something is different from the real thing but can be used to learn
something about the real thing.

o One way to describe something is to say how it is like something else.

) ‘Chapter
Grades 3 through 5 Contents

As students develop beyond their natural play with models, they should begin to modify them
and discuss their limitations. What happens if wheels are taken off, or weight is added, if
different materials are used, or if the model gets wet? Is that what would happen to the real
things? Students also can begin to compare their objects, drawings, and constructions to the
things they portray or resemble (real bears, houses, airplanes, etc.). Since students are being
introduced to geometry, graphs, and other mathematical concepts, they should at the same
time reflect on how these representations relate to nature. Similarly, what they are learning in
the arts and humanities can supply analogies. Students can begin to formulate their own
models to explain things they cannot observe directly. By testing their models and changing
them as more information is acquired, they begin to understand how science works.

By the end of the 5th grade, students should know that

» Seeing how a model works after changes are made to it may suggest how the
real thing would work if the same were done to it.

o Geometric figures, number sequences, graphs, diagrams, sketches, humber
lines, maps, and stories can be used to represent objects, events, and processes
in the real world, although such representations can never be exact in every

detail.

Chapter
Grades 6 through 8  Contents

Now models and their use can be dealt with much more explicitly than before because
students have a greater general knowledge of mathematics, literature, art, and the objects and
processes around them. Also, student use of computers should have progressed beyond word
processing to graphing and simulations that compute and display the results of changing
factors in the model. All of these things can give students a grasp of what models are and how
they can be compared by considering their consequences. Students should have many
opportunities to learn how conceptual models can be used to suggest interesting questions,
such as "What would the atmosphere be like if its molecules were to act like tiny, high-speed
marshmallows instead of tiny, high-speed steel balls?"

The use of physical models also can increase in sophistication. Students should discover that
physical models on a reduced scale may be inadequate because of scaling effects: With
change in scale, some factors change more than others so things no longer work the same
way. The drag effects of water flow past a model boat, for example, are very different from the
effects on a full-sized boat.

By the end of the 8th grade, students should know that
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« Models are often used to think about processes that happen too slowly, too
quickly, or on too small a scale to observe directly, or that are too vast to be
changed deliberately, or that are potentially dangerous.

« Mathematical models can be displayed on a computer and then modified to see
what happens.

« Different models can be used to represent the same thing. What kind of a model
to use and how complex it should be depends on its purpose. The usefulness of
a model may be limited if it is too simple or if it is needlessly complicated.
Choosing a useful model is one of the instances in which intuition and creativity
come into play in science, mathematics, and engineering.

Chapter
Grades 9 through 12  Contents

In the upper grades, considerable emphasis should be placed on mathematical modeling
because it epitomizes the nature and power of models and provides a context for integrating
knowledge from many different domains. The main goal should be getting students to learn
how to create and use models in many different contexts, not simply to recite generalizations
about models. They can acquire such generalizations too, but that will occur through
discussions of models already studied. Research in developmental psychology implies that
high-school students may understand that the best model isn't found yet, or that different
people prefer different models while waiting for more evidence, but not that there may be no
"true" model at all

By the end of the 12th grade, students should know that

o The basic idea of mathematical modeling is to find a mathematical relationship
that behaves in the same ways as the objects or processes under investigation.
A mathematical model may give insight about how something really works or
may fit observations very well without any intuitive meaning.

o Computers have greatly improved the power and use of mathematical models by
performing computations that are very long, very complicated, or repetitive.
Therefore computers can show the consequences of applying complex rules or
of changing the rules. The graphic capabilities of computers make them useful in
the design and testing of devices and structures and in the simulation of
complicated processes.

» The usefulness of a model can be tested by comparing its predictions to actual
observations in the real world. But a close match does not necessarily mean that
the model is the only "true” model or the only one that would work.

Chapter . View -
C. Constancy and Change  contents - Research

' Also See...

Much of science and mathematics has to do with understanding how change occurs in nature
and in social and technological systems, and much of technology has to do with creating and
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.controlling change. Constancy, often in the midst of change, is also the subject of intense
'study in science. The simplest account to be given of anything is that it does not change.
Because scientists are always looking for the simplest possible accounts (that are true), they
are always delighted by any aspect of anything that doesn't change even when many other
aspects do. Indeed, many historians and philosophers regard conservation laws in physics
(such as for mass, energy, or electric charge) to be among the greatest discoveries in science.
Somewhat different aspects of constancy are described by the terms stability, conservation,
equilibrium, steady state, and symmetry. These various ideas are interrelated in some subtie
ways. But memorizing the distinct meanings for these terms is not a high priority. More
important is being able to think about what is happening.

Symmetry is another kind of constancy-or more generally, invariance-in the midst of change.
Equilibrium, steady states, and conservation might all be thought of as showing symmetry. But
more typically, symmetry implies a pattern whose appearance stays the same when it
undergoes a change such as rotation, reflection, stretching, or displacement. The symmetry
can be geometrical or more general, as in a social order, set of computer operations, or
classification of atomic particles.

When change occurs in a variable, a major issue is the rate at which change occurs. Clearly
students have to make sense of a constant rate of change before they can consider increasing
or decreasing rates. Yet understanding a constant rate of change is not as simple as it might
seem, because of the difficulty of the idea of rate. Graphs would seem to be an immense help
for semiquantitative descriptions of change-such as whether the rate is constant, increasing,
saturating, etc. But the research results are that, unless the graph is of literal altitude, graph
heights and slopes are puzzling to most children. The goal for all Americans should be modest:
to understand a graph of any familiar variable against time in terms of reading it and
interpreting its ups and downs in a story about what is going on. Eventually, steepness as well
as direction of change can become part of the story. '

Considering the pattern of change usually involves a scale of observations and a scale of
analysis. The rock may appear to sit there on the ground unchanging, but at a distance scale
108 times smaller its atoms are chaotically restless, and at a scale of 108 times larger its
planet is turning and orbiting. An ecological system may seem stable over a few centuries, but
over days individuals come and go, and over millions of years it is greatly transformed.

Very, very small differences in what a system is like now may produce very large differences in
what it is like later. That's not a difficult idea even in the middle school. What is harder to
understand is that no matter how small the initial uncertainty may be, the behavior is eventually
unpredictable. At the finest level, that of individual atoms, uncertainty is unavoidable. So the
future is not determined by the present. For example, long-range weather forecasting now
seems to be impossible-in principle, not just because of the limits of observation and analysis.

For the most part, change should not be taught as a separate subject. At every opportunity
throughout the school years, the theme of change should be brought up in the context of the
science, mathematics, or technology being studied. The first step is to encourage children to
attend to change and describe it. Only after they have a storehouse of experience with change
of different kinds are they ready to start thinking about patterns of change in the abstract.
When students have such a background, a short capstone course on the subject of change
could help them integrate their knowledge of patterns of change in physical, biological, social,
and technological systems.
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: Chapter
G270 ey #€epn ar oy i § i [P -
Kindergarien through Grade 2 Contents

When collecting and observing the things around them, students can look for what changes
and what does not and question where things come from and where things go. They may note,
for instance, that most animals move from place to place but most plants stay in place, that
water left in an open container gradually disappears but sand does not, and so forth. Such
activities can sharpen students' observation and communication skills and instill in them a
growing sense that many different kinds of change go on all the time. Students should be
encouraged to take, record, and display counts and simple measurements of things over time.
This activity can provide them with many opportunities to learn and use elementary
mathematics. To begin to work toward ideas of conservation, mathematics exercises in which
the sum stays the same may be helpful-e.g., "How many ways can you add whole numbers to
get 137"

By the end of the 2nd grade, students should know that

o Things change in some ways and stay the same in some ways.

o People can keep track of some things, seeing where they come from and where
they go.

e Things can changé in different ways, such as in size, weight, color, and
movement. Some small changes can be detected by taking measurements.

o Some changes are so slow or so fast that they are hard to see.

Chapter
Grades 3 through 5  Contents

With greater emphasis than before on measurement, graphing, and data analysis, students
can make progress toward understanding some very important notions about change. At this
stage, becoming familiar with a large and varied set of actual examples of change is more
important than being able to recite the generalizations set out in the benchmarks.

Notions of symmetry can begin with identifying patterns whose appearance stays the same
when they undergo some change (such as rotation, reflection, stretching, or displacement).
Children generally are interested in exploring the shapes of things (plants and animals,
themselves, buildings, vehicles, toys, etc.) and looking for regularities of shape. Students
should have many experiences in discussing and depicting all sorts of change: continuing in
the same direction, reaching a high or low value, repeatedly reversing direction, and so on.

By the end of the 5th grade, students should know that

o Some features of things may stay the same even when other features change.
Some patterns look the same when they are shifted over, or turned, or reflected,
or seen from different directions.

o Things change in steady, repetitive, or irregular ways-or sometimes in more than
one way at the same time. Often the best way to tell which kinds of change are
happening is to make a table or graph of measurements.
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-Chapter
Srades 6 through §  Contents

Constancy in a system can be represented in two ways: as a constant sum or as
compensating changes. When the quantity being considered is a count (as of students or
airplanes), then constancy of the total is obvious. When the quantity being considered isa
measure on a continuous scale, rather than a packaged unit, then "it has to come from
somewhere and go somewhere" may be a more directly appreciable principle. For example, it
seems easier to see that heat lost from one part of a system has to show up somewhere else
than to say that the total measure for the whole system has to stay the same. This may be
particularly true when the quantity can take various, interconvertible forms-say, forms of

energy or monetary value.

_In these grades, students can look for more sophisticated patterns, including rates of change
and cyclic patterns. Invariance may be found in change itself: The water in a river changes, but
the rate of flow may be constant; or the rate of flow may change seasonally, but the cycle may

have a constant cycle length.

The idea of a series of repeating events is not difficult for students-that is what their day-by-day
and week-by-week lives are like. Cyclic variation in a magnitude is more difficult. The cycle
length is its simplest feature, whereas the range of variation has little interest unless students
are familiar with and care about the variable. (A variation of one degree in body temperature-
because of its relevance to whether they have to stay home from school-may be more
interesting to students than a tenfold variation in the number of cases of measles.)

By the end of the 8th grade, students should know that

« Physical and biological systems tend to change until they become stable and
then remain that way unless their surroundings change.

« A system may stay the same because nothing is happening or because things
are happening but exactly counterbalance one another.

o Many systems contain feedback mechanisms that serve to keep changes within
specified limits.

« Symbolic equations can be used to summarize how the quantity of something
changes over time or in response to other changes. :

e Symmetry (or the lack of it) may determine properties of many objects, from
molecules and crystals to organisms and designed structures.

« Cycles, such as the seasons or body temperature, can be described by their
cycle length or frequency, what their highest and lowest values are, and when
these values occur. Different cycles range from many thousands of years down
to less than a billionth of a second.

Chapter
Grades 9 through 12  Contents

Most of what is appropriate to study about constancy and change in the high-school years has

at least been touched upon in the earlier years, though mostly in a qualitative or

LR A A R A
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-semiquantitative way. Although it is still not necessary to become intensely quantitative, many
.of the applications of the ideas take on more concrete meaning when calculations are made.

Stability, like many concepts in science, has to be considered in some context of scale. Ona
familiar scale of space and time, a mountain may appear stable for centuries. Yet on the
atomic scale, the mountain is a continuous hubbub of restless motion and absorption and
radiation of energy. On the scale of millions of years, mountains rise up from plains and erode
away. In a practical sense, stability of some object or system means only that for present
purposes one does not notice or have to worry about changes in it.

Perhaps the most important ideas to be dealt with are the conservation laws, rates of change,
and the general notion of evolutionary change. The emphasis on conservation laws should
probably be practical-that is, should show how those concepts led, and continue to lead, to
advances in science. The historical cases studied can contribute to this understanding. Rates
of change that are approximately constant (or averageable) make possible a variety of
practical calculations. Changing rates need not be calculated but can be identified in graphs
and sketched. Especially important is the case in which change rate is proportional to how
much there already is (as in population growth or radioactive decay).

Evolutionary change is a general concept, of which biological evolution is only one instance.
Another point is more philosophical: Although evolution is the kind of change that emerges
from and is influenced by the past, the past appears not to completely determine the future.

Two major arguments for indeterminism are included in Benchmarks-the principle of

uncertainty at the submicroscopic level and the additional uncertainty owing to the complexity

of systems and their sensitivity to vanishingly small differences in conditions. These arguments

are not easy to grasp but at least students should be given a chance to debate them. Many

students may be reassured to learn that scientists do not claim to be able to predict the future

in every detail, nor do they claim that nature is a mechanical system in which every occurrence
" is already determined.

By the end of the 12th grade, students should know that

e A system in equilibrium may return to the same state of equilibrium if the
disturbances it experiences are small. But large disturbances may cause it to
escape that equilibrium and eventually settle into some other state of
equilibrium.

« Along with the theory of atoms, the concept of the conservation of matter led to
revolutionary advances in chemical science. The concept of conservation of
energy is at the heart of advances in fields as diverse as the study of nuclear
particles and the study of the origin of the universe.

» Things can change in detail but remain the same in general (the players change,
but the team remains; cells are replaced, but the organism remains). Sometimes
counterbalancing changes are necessary for a thing to retain its essential
constancy in the presence of changing conditions.

» Graphs and equations are useful (and often equivalent) ways for depicting and
analyzing patterns of change.
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o In many physical, biological, and social systems, changes in one direction tend
to produce opposing (but somewhat delayed) influences, leading to repetitive
cycles of behavior.

« In evolutionary change, the present arises from the materials and forms of the
past, more or less gradually, and in ways that can be explained.

» Most systems above the molecular level involve so many parts and forces and
are so sensitive to tiny differences in conditions that their precise behavior is
unpredictable, even if all the rules for change are known. Predictable or not, the
precise future of a system is not completely determined by its present state and
circumstances but also depends on the fundamentally uncertain outcomes of
events on the atomic scale.

Chapter
D. Scale contents Also Sec...

Most variables in nature-size, distance, weight, temperature, and so on-show immense
differences in magnitude. As their sophistication increases, students should encounter
increasingly larger ratios of upper and lower limits of these variables. But that is only the
starting point for the idea of changes of scale. The larger idea is that the way in which things
work may change with scale. Different aspects of nature change at different rates with changes
in scale, and so the relationships among them change, too. Probably the most easily
demonstrated example is that as something changes size, its volume changes out of
proportion to its area. So properties that depend on volume (such as mass and heat capacity)
increase faster than properties that depend on area (such as bone strength and cooling
surface). Therefore a large container of hot water cools off more slowly than a small container,
and a large animal must have proportionally thicker legs than a small animal of otherwise

similar shape.

As another consequence of disproportional change of properties, some "laws" of science (such
as how friction depends on speed) are valid only within a certain range of circumstances. New
and sometimes surprising kinds of phenomena can appear at extremely large or small values
of a variable. For example, a star many times more massive than the sun can eventually
collapse under its own gravity to become a black hole from which not even light can escape.

Looking at how things change with scale requires familiarity with the range of values and with
how to express the range in numbers that make some sense. So children should start by
noticing extremes of familiar variables and how things may be different at those extremes.
There is no problem here, in that most children are entranced by "biggest," "littlest," "fastest,"
and "slowest"-giants and superlatives in general. In any case, scale should be introduced
explicitly only when students already have a rich ground of experiences having to do with
magnitudes and the effects of changing them.

The range of numbers that people can grasp increases with age. No benefit comes from trying
to foist exponential notation on children who can't grasp its meaning at all. It has been argued
that people really can't comprehend a range of more than about 1,000 to 1 at any one
moment. One can think of a meter being a thousand millimeters (they are there to be seenin a
quick iook at a meter stick) and that a kilometer is a thousand meters (it can be run off in a few
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‘minutes)-but one may not be able to think of a kilometer as a million millimeters. A million
pecomes meaningful, however, as a thousand thousands, once a thousand becomes
comprehensible. Particularly important senses of scale to develop for science literacy are the
immense size of the cosmos, the minute size of molecules, and the enormous age of the earth
(and the life on it).

. ) o ) Chapter
Kindergarten through Grade 2 Contents

Children at this level are not yet comfortable enough with numbers to succeed much in
comparing magnitudes. Their attention should be drawn repeatedly to simple comparisons in
observations: What is smaller or larger, what might be still smaller or larger, what is the
smallest or largest they could imagine, and do such things exist? A sense of changes in scale
can be encouraged by perspective-taking games that challenge imagination (for example,
"What would other people look like to you if you were as tall as a house or as small as an

ant?").

vBy the end of the 2nd grade, students should know that

¢ Things in nature and things people make have very different sizes, weights, ages,
and speeds.

Chapter
Grades 3 through &  Contents

Children at this level tend to be fascinated by extremes. That interest should be exploited to
develop student math skills as well as a sense of scale. Students may not have the
mathematical sophistication to deal confidently with ratios and with differences among ratios
but the observational groundwork and familiarity with talking about them can begin. At the very
least, students can compare speeds, sizes, distances, etc., as fractions and multiples of one
another.

Students should now be building structures and other things in their technology projects.
Through such experience, they can begin to understand both the mathematical and
engineering relationships of length, area, and volume. They can be challenged to measure
things that are hard to measure on account of being very small or very large, very light or very
heavy.

By the end of the 5th grade, students should know that

e Almost anything has limits on how big or small it can be.

« Finding out what the biggest and the smaliest possibie vaiues of something are
is oftenvas revealing as knowing what the usual value is.

Chapter
Grades 6 through 8  Contents

As students' familiarity with very large and very small numbers, ratios, and powers of ten
improves, extremes of scale become more meaningful. The use of ratios can now be explicit
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*and comparisons of extremes that exceed 1019 may make some sense to students. Alternative
. “representations of great scale differences should be used-such as Charles Eames' Powers of
Ten film and Haldane's classic essay, "On Being the Right Size." Indeed, this essay might very
well serve as the centerpiece for a seminar or short course dealing with the importance of size
in nature and in construction.

The topic of scale also lends itself to the use of computer simulation, in which the user can
change scales at will, and to the use of elementary statistics-large collections of things may
have to be represented by summaries such as averages or typical examples. Approximate
powers of ten (orders of magnitude) can be learned if students have become comfortable with
estimates and approximations. This use of exponents for comparisons does not justify
teaching the full apparatus of exponential notation to all students.

Understanding the notion that things necessarily work differently on different scales is more
difficult than recognizing extremes, hence students should study a variety of different examples
(for instance, cooling rates of different-sized containers of water, strength of different-sized
constructions from the same material, flight characteristics of different-sized model airplanes).

By the end of the 8th grade, students should know that

. Prdperties of systems that depend on volume, such as capacity and weight,
change out of proportion to properties that depend on area, such as strength or
surface processes.

o As the complexity of any system increases, gaining an understanding of it
depends increasingly on summaries, such as averages and ranges, and on
descriptions of typical examples of that system.

- Chapter
Grades 9 through 12  Contents

Facility with powers of ten can make it easier to describe great differences of scale, but not
necessarily to make them comprehensible. Students can bootstrap their comprehension of
magnitude only by a few factors of ten at a time, perhaps grasping each new level only in
terms of the previous one. For instance, once students have come to terms with a million, then
they may have a better sense of what it means to say there are over a billion galaxies, each
with over a billion stars.

Mathematical sophistication can now also include abstract, algebraic representation of the
effects of powers; properties that increase by the square of linear size or the cube; and the
relation between those increases. Still, the most important point is not the precise ratio of x3 to
x2, but the more approximate idea that one changes out of proportion to the other-therefore
relationships change. Things, systems, and models that work well on one scale may work less
well, or not at all, if greatly expanded or shrunk. A meter-wide amoeba, for example, would
never be able to get enough nutrients and oxygen through its surface to survive; a meter-iong
bird built like a sparrow could not fly.

By the end of the 12th grade, students should know that

o Representing large numbers in terms of powers of ten makes it easier to think
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about them and to compare fhings that are greatly different.

» Because different properties are not affected to the same degree by changes in
scale, large changes in scale typically change the way that things work in
physical, biological, or social systems.

« As the number of parts of a system increases, the number of possible
interactions between pairs of parts increases much more rapidly.

Copyright © 1993 by American Association for the Advancement of Science
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PHYSICAL SCIENCE, LIFE SCIENCE,
AND EARTH AND SPACE SCIENCE
STANDARDS

The standards for-physical science, life sci-
ence, and earth and space science describe
the subject matter of science using three
widely accepted divisions of the domain of

science. Science subject matter focuses on

_ the science facts, concepts, principles, theo-

ries, and models that are important for all
students to know, understand, and use.
Tables 6.2, 6.3, and 6.4 are the standards for

SCIENCE AND TECHNOLOGY
STANDARDS

The science and technology standards in
Table 6.5 establish connections between the
natural and designed worlds and provide stu-
dents with opportunities to develop
decision-making abilities. They are not stan-
dards for technology education; rather, these -
standards emphasize abilities associated with
the process of design and fundamental
understandings about the enterprise of sci-
ence and its various linkages with fechnology.

physical science, life science, and earth and Y Asa complement to the abilities devel-
space science, respectively. Y-, oped in the science as inquiry standards,

A

! PHYSICAL SCIE NCE STAN p"‘ARp‘s‘”;lq &

LEVELS K-4 LEVELS 9-12

Properties of objects and Properties and changes of Structure of atoms

materials roperties in matter .
prop Structure and properties of

Position and motion of objects Motions and forces * matter

Light, heat, electricity, Chemical reactions

and magnetism

Transfer of energy
Motions and forces

Conservation of energy and
increase in disorder

Interactions of energy and matter

LEVELS 9-12

LEVELS K-4 LEVELS 5-8

Structure and function in living  The cell -
-systems

Characteristics of organisms

Life cycles of organisms Molecular basis of heredity »

Reproduction and heredity

Organisms and environments Biological evolution

Regulati d i :
egulation and behavior Interdependence of organisms

Populations and ecosystems o
‘ Matter, energy, and organization
Diversity and adaptations of in living systems

organisms . .
Behavior of organisms

106 6 SCIENCE CONTENT STANDARDS



these standards call for students to develop tives standards help students develop

abilities to identify and state a problem, decision-making skills. Understandings
design a solution—including a cost and associated with the concepts in Table 6.6
risk-and-benefit analysis—implement a * give students a foundation on which to
solution, and evaluate the solution. base decisions they will face as citizens.
Science as inquiry is parallel to technolo-
gy as design. Both standards emphasize stu- HISTORY AND NATURE OF SCIENCE
STANDARDS

_dent development of abilities and under-

standing. Connections to other domains, In learning science, students need to

such as mathematics, are clarified in understand that science reflects its history
b

Chapter 7, Program Standards. and is an ongoing, changing enterprise. The

standards for the history and nature of sci-

SCIENCE IN PERSONAL AND SOCIAL ence recommend the use of history in school

PERSPECTIVES STANDARDS science programs to clarify different aspects
An important purpose of science educa- of scientific inquiry, the human aspects of
tion is to give students a means to under- science, and the role that science has played
stand and act on personal and social issues. in the development of various cultures. Table
The science in personal and social perspec- 6.7 provides an overview of this standard.

LEVELS K-4 LEVELS 5-8 LEVELS 9-12

Properties of earth materials Structure of the earth system Energy in the earth system
Objects in the sky Earth’s history Geochemical cycles
Changes in earth and sky Earth in the solar system Origin and evolution of the

earth system

Origin and evolution of the
universe

LEVELS K-4 LEVELS 5-8 LEVELS 9-12

Abilities to distinguish between Abilities of technological design Abilities of technological design
natural objects and objects

Understanding about science Understanding about science and
made by humans

and technology technology
Abilities of technological design

Understanding about science and
technology

5 SCIENCE CONTENT STANDARDS 1n7
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See Teaching
Standard B in
Chapter 3

See Unifying
Concepts and
Processes

See Content
_Standard E
(grades 9-12)

CUMMUNICATE AND DEFEND A $CIEN-
HFIC ARGUMENT. Students in school sci-
ence programs should develop the abilities
associated with accurate and effective com-
munication. These include writing and fol-
lowing procedures, expressing concepts,
reviewing information, summarizing data,
using language appropriately, developing
diagrams and charts, explaining statistical
analysis, speaking clearly and logically, con-
structing a reasoned argument, and respond-
ing appropriately to critical comments.

URDERSTAMDINGS ABOUT SCIENTIFIC

INQUIRY

= Scientists usually inquire about how phys-
ical, living, or designed systems function.
Conceptual principles and knowledge
guide scientific inquiries. Historical and
current scientific knowledge influence the

design and interpretation of investigations

and the evaluation of proposed explana-
tions made by other scientists.

= Scientists conduct investigations for a
wide variety of reasons. For example,
they may wish to discover new aspects of
the natural world, explain recently
observed phenomena, or test the conclu-
sions of prior investigations or the pre-
dictions of current theories.

-« Scientists rely on technology to enhance
the gathering and manipulation of data.
New techniques and tools provide new
evidence to guide inquiry and new meth-
ods to gather data, thereby contributing
to the advance of science. The accuracy
and precision of the data, and therefore
the quality of the exploration, depends
on the technology used.

= Mathematics is essential in scientific

inquiry: Mathematical tools and models
guide and improve the posing of ques-
tions, gathering data, constructing expla-
nations and communicating results.

= Scientific explanations must adhere to

criteria such as: a proposed explanation
must be logically consistent; it must
abide by the rules of evidence; it must be
open to questions and possible modifica-
tion; and it must be based on historical
and current scientific knowledge.

= Results of scientific inquiry—new knowl-

edge and methods—emerge from differ-
ent types of investigations and public

" communication among scientists. In com-
municating and defending the results of
scientific inquiry, arguments must be logi-
cal and demonstrate connections between
natural phenomena, investigations, and
the historical body of scientific knowl-
edge. In addition, the methods and proce-
dures that scientists used to obtain evi-
dence must be clearly reported to enhance
opportunities for further investigation.

Physical Science

CONTENT STANDARD B:

As a result of their activities in

grades 9-12, all students should

develop an understanding of

= Structure of atoms

= Structure and properties of matter

= Chemical reactions

« Motions and forces

= Conservation of energy and increase
in disorder '

- Interactions of energy and matter

CONTENT STANDARDS: 9-12

See Program
Standard ¢



DEVELOPING STUDENT
UNDERSTANDING

High-school students develop the ability
to relate the macroscopic properties of sub-
stances that they study in grades K-8 to the
microscopic structure of substances. This
development in understanding requires stu-
dents to move among three domains of
thought—the macroscopic world of observ-
able phenomena, the microscopic world of
molecules, atoms, and subatomic particles,
and the symbolic and mathematical world of
chemical formulas, equations, and symbols.

The relationship between properties of
matter and its structure continues as a major
component of study in 9-12 physical science.
In the elementary grades, students studied
the properties of matter and the classifica-
tion of substances using easily observable
properties. In the middle grades, they exam-
ined change of state, solutions, and simple
chemical reactions, and developed enough
knowledge and experience to define the
properties of elements and compounds.
When students observe and integrate a wide
variety of evidence, such as seeing copper
“dissolved” by an acid into a solution and
then retrieved as pure copper when it is dis-
placed by zing, the idea that copper atoms
are the same for any copper object begins to
make sense. In each of these reactions, the
knowledge that the mass of the substance
does not change can be interpreted by
assuming that the ndmbgr of particles does
not change during their rearrangement in
the reaction. Studies of student understand-
ing of molecules indicate that it will be diffi-
cult for them to comprehend the very small
size and large number of particles involved.
The connection between the particles and

the chemical formulas that represent them is
also often not clear.

It is logical for students to begin asking
about the internal structure of atoms, and it
will be difficult, but important, for them to
know “how we know.” Quality learning and
the spirit and practice of scientific inquiry
are lost when the evidence and argument for
atomic structure are replaced by direct asser-
tions by the teacher and text. Although many
experiments are difficult to replicate in
school, students can read some of the actual
reports and examine the chain of evidence
that led to the development of the current
concept of the atom. The nature of the atom
is far from totally understood; scientists con-
tinue to investigate atoms and have discov-
ered even smaller constituents of which neu-
trons and protons are made.

Laboratory investigation of the properties
of substances and their changes through a
range of chemical interactions provide a
basis for the high school graduate to under-
stand a variety of reaction types and their
applications, such as the capability to liber-
ate elements from ore, create new drugs,
manipulate the structure of genes, and syn-
thesize polymers.

Understanding of the microstructure of
matter can be supported by laboratory
experiences with the macroscopic and
microscopic world of forces, motion
(including vibrations and waves), light, and
electricity. These experiences expand upon
the ones that the students had in the middle
school and provide new ways of under-
standing the movement of muscles, the
transport of materials across cell mem-
branes, the behavior of atoms and mole-

cules, communication technologies, and the

6 CONTENT STANDARDS: 9-112
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movement of planets and galaxies. By this
age, the concept of a force is better under-
stood, but static forces in equilibrium and
students’ intuitive ideas about forces on pro-
jectiles and satellites still resist change
through instruction for a large percentage of
the students.

On the basis of their experiences with
energy transfers in the middle grades, high-
school students can investigate energy trans-
fers quantitatively by measuring variables
such as temperature change and kinetic
energy. Laboratofy investigations and
descriptions of other experiments can help
students understand the evidence that leads
to the conclusion that energy is conserved.
Although the operational distinction
between temperature and heat can be fairly
well understood after careful instruction,
research with high-school students indicates
that the idea that heat is the energy of ran-
dom motion and vibrating molecules is dif-
ficult for students to understand.

GUIDE TO THE CONTENT STANDARD

Fundamental concepts and principles
that underlie this standard include

STRUCTURE OF ATOMS

= Matter is made of minute particles called
atoms, and atoms are composed of even
smaller components. These components
have measurable properties, such as mass
and electrical charge. Each atom has a
positively charged nucleus surrounded by
negatively charged electrons. The electric
force between the nucleus and electrons
holds the atom together.

= The atom’s nucleus is composed of pro-
tons and neutrons, which are much more

massive than electrons. When an element

6

has atoms that differ in the number of
neutrons, these atoms are called different
isotopes of the element.

= The nuclear forces that hold the nucleus
of an atom together, at nuclear distances,
are usually stronger than the electric
forces that would make it fly apart.
Nuclear reactions convert a fraction of
the mass of interacting particles into
energy, and they can release much greater
amounts of energy than atomic interac-
tions. Fission is the splitting of a large
nucleus into smaller pieces. Fusion is the
joining of two nuclei at extremely high
temperature and pressure, and is the
process responsible for the energy of the
sun and other stars.

= Radioactive isotopes are unstable and
undergo spontaneous nuclear reactions,
emitting particles and/or wavelike radia-
tion. The decay of any one nucleus can-
not be predicted, but a large group of
identical nuclei decay at a predictable
rate. This predictability can be used to
estimate the age of materials that contain

radioactive isotopes.

STRUCTURE AND PROPERTIES
- OF MATTER

= Atoms interact with one another by
transferring or sharing electrons that are
furthest from the nucleus. These outer
electrons govern the chemical properties
of the element.

= An element is composed of a single type
of atom. When elements are listed in
order according to the number of pro-
tons (called the atomic number), repeat-
ing patterns of physical and chemical
properties identify families of elements

CONTENT STANDARDS: 9-12



See Content
Standard
(Grades 9-12)

6 CONTENT STANDARDS:

with similar properties. This “Periodic
Table” is a consequence of the repeating
pattern of outermost electrons and their
permitted energies.

» Bonds between atoms are created when
electrons are paired up by being trans-
ferred or shared. A substance composed
of a single kind of atom is called an ele-
ment. The atoms may be bonded togeth-
er into molecules or crystalline solids. A
compound is formed when two or more
kinds of atoms bind together chemically..

= The physical properties of compounds
reflect the nature of the interactions
among its molecules. These interactions
are determined by the structure of the
molecule, including the constituent
atoms and the distances and angles
between them.

= Solids, liquids, and gases differ in the dis-
tances and angles between molecules or
atoms and therefore the energy that A
binds them together. In solids the struc-
ture is nearly rigid; in liquids molecules
or atoms move around each other but do
not move apart; and in gases molecules
or atoms move almost independently of
cach other and are mostly far apart.

= Carbon atoms can bond to one another
in chains, rings, and branching networks
to form a variety of structures, including
synthetic polymers, oils, and the large
molecules essential to life.

CHEMICAL REACTIONS

= Chemical reactions occur all around us,
for example in health care, cooking, cos-
metics, and automobiles. Complex chem-
ical reactions involving carbon-based
molecules take place constantly in every

cell in our bodies.

9-12

= Chemical reactions may release or con-
sume energy. Some reactions such as the
burning of fossil fuels release large
amounts of energy by losing heat and by
emitting light. Light can initiate many
chemical reactions such as photosynthe-
sis and the evolution of urban smog.

= A large number of important reactions
involve the transfer of either electrons
(oxidation/reduction reactions) or
hydrogen ions (acid/base reactions)
between reacting ions, molecules, or
atoms. In other reactions, chemical

- bonds are broken by heat or light to form

very reactive radicals with electrons ready
to form new bonds. Radical reactions
control many processes such as the pres-
ence of ozone and greenhouse gases in
the atmosphere, burning and processing
of fossil fuels, the formation of polymers,
and explosions.

= Chemical reactions can take place in time
periods ranging from the few femtosec-
onds (10-!15 seconds) required for an
atom to move a fraction of a chemical
bond distance to geologic time scales of
billions of years. Reaction rates depend
on how often the reacting atoms and
molecules encounter one another, on the
temperature, and on the properties—
including shape—of the reacting species.

= Catalysts, such as metal surfaces, acceler-
ate chemical reactions. Chemical reactions
in living systems are catalyzed by protein

molecules called enzymes.

MOTIONS AND FORCES

= Objects change their motion only when a
net force is applied. Laws of motion are
used to calculate precisely the effects of
forces on the motion of objects. The



See Content
Standard C
(grades 9-12)

magnitude of the change in motion can
be calculated using the relationship
F = ma, which is independent of the
nature of the force. Whenever one object
exerts force on another, a force equal in
magnitude and opposite in direction is
exerted on the first object.

= Gravitation is a universal force that each
mass exerts on any other mass. The
strength of the gravitational attractive
force between two masses is proportional
to the masses and inversely proportional to
the square of the distance between them.

= The electric force is a universal force that
exists between any two charged objects.
Opposite charges attract while like
charges repel. The strength of the force is
proportional to the charges, and, as with
gravitation, inversely proportional to the
square of the distance between them.

= Between any two charged particles, elec-
tric force is vastly greater than the gravi-
tational force. Most observable forces
such as those exerted by a coiled spring or
friction may be traced to electric forces
acting between atoms and molecules.

= FElectricity and magnetism are two aspects
of a single electromagnetic force. Moving
electric charges produce magnetic forces,
and moving magnets produce electric
forces. Thesc effects help students to

understand electric motors and generators.

CONSERVATION OF ENERGY AND

THE INCREASE IN DISORDER

= The total energy of the universe is con-
stant. Energy can be transferred by colli-
sions in chemical and nuclear reactions,
by light waves and other radiations, and

in many other ways. However, it can

never be destroyed. As these transfers
occur, the matter involved becomes
steadily less ordered.

= All energy can be considered to be either
kinetic energy, which is the energy of
motion; potential energy, which depends
on relative position; or energy contained
by a field, such as electromagnetic waves.

= Heat consists of random motion and the
vibrations of atoms, molecules, and ions.
The higher the temperature, the greater
the atomic or molecular motion.

= Everything tends to become less orga-
nized and less orderly over time. Thus, in
all energy transfers, the overall effect is
that the energy is spread out uniformly.
Examples are the transfer of enérgy from
hotter to cooler objects by conduction,

~ radiation, or convection and the warming

of our surroundings when we burn fuels.

INTERACTIONS OF ENERGY
AND MATTER

= Waves, including sound and seismic See Content
waves, waves on water, and light waves, Standard D
have energy and can transfer energy (grades 9-12)

when they interact with matter.

= Electromagnetic waves result when a
charged object is accelerated or decelerat-
ed. Electromagnetic waves include radio
waves (the longest wavelength),
microwaves, infrared radiation (radiant
heat), visible light, ultraviolet radiation,
x-rays, and gamma rays. The energy of
electromagnetic waves is carried in pack-
ets whose magnitude is inversely propor-
tional to the wavelength.

= Each kind of atom or molecule can gain
or lose energy only in particular discrete

amounts and thus can absorb and emit

6 CONTENT STANDARDS: 9-12
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to these amounts. These wavelengths can”

be used to identify the substance.
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'DEVELOPING STUDENT

UNDERSTANDING -
- Students in grades K-8 should have devel-

oped a foundational understanding of life sci- _
ences. In gfades 9-12, students’ understanding

of biology will expand by incorporating more

 abstract knowledge, such as the structure and
function of DNA, and ‘more wmprehensxve :

_ theories, such as evolution. Students’ under-
standmgs should encompvass‘scales t_hat are

* ‘both smaller, for example, molecules, and e

larger, for example, the biosphere. .

.5 . CONTENT STANDARDS: 9

o Teéeher's of science will have to make.
choices‘about what to 'tea'c_hv that will most ~ -

’._’_'Pfoddet:ive_ly develop student understanding

h of the life sciences. All too often, the criteria

for selection are not clear, resulting in an
overemphasls on information and an under-

’ .’_emphasls on conceptual understandmg In
have intermediate behavior. At low tem- describing the content for life sciences, the
7 - ‘national standards focus on a small number
of general prmcxples that can serve as the
- basis for teachers and students to develop

" e .further understandmg of biology.

Because molecular blology will continue

) mto the twenty-first century as a major
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. ts own sake, but because’ of the need to take
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- but few students will refer to the genetic -
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However, when presented with unique

. organisms, students sometimes appeal to

“everyday” classifications, such as viewing

jellyﬁsh as fish because of the term “fish,”
-~ and pe_ngnins as amphibians because they

live on land and in water.
Although students may indicate that they
know about cells, they may say that living

. systems are made of c,elleut not molecules,
because students often associate molecules - -

only with physical science.
Students have difficulty with the funda-

mental concepts of evolution. For example, .

students often do not understand natural
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ABSTRACT

Although the authors and publishers of the Na-
tional Education Standards (1996) and the Bench-
marks for Science Literacy (1993) claim that their
recommendations are based on sound, extensive
research about the way children learn, in fact the
evidence is generally weak and unconvincing. In
some cases the studies cited misstate the cohort
of students whose learning was examined. In others,
the studies were based on relatively small groups
of students, and in still others, the students whose
learning was examined were from foreign countries
whose cultural and educational backgrounds are
quite different from those of American students. .
In many cases the papers cited were not published
in peer-reviewed journals or were merely papers
presented at meetings of specialists in science
education.

Keywords: Education — general; education — science;
education — geoscience; education — testing and
evaluation.

Introduction
I am very pleased and honored to have this op-

portunity to speak to you today about the effects of

the educational reform movement on science educa-
tion in this country. My name is Stan Metzenberg, and
I'm an Assistant Professor of Biology at California
State University Northridge. The university is lo-
cated in the San Fernando Valley and draws its stu-
dent population from the greater Los Angeles area.
We have a state mandate to accept the top third of
‘graduating high school seniors, but within that
population of entering freshmen, we find that two
thirds are in need of immediate remedial education
in mathematics or English. I have the dubious dis-
tinction of being at a second-tier institution that is
taking in some of the worst-prepared students in Cali-
fornia; a state that has nearly the worst-prepared
students in the United States; a nation that has
nearly the worst-prepared students in the world.
Despite the lack of college-preparedness of our
typical freshman, California State University North-
ridge is successful in providing students with an ex-
ceptional education. I am also a laboratory scientist,
as well as an educator, and my students and I conduct
NIH-supported research in molecular parasitology.

Thanks to the largesse of the NIH and the NSF,
many non-PhD-granting institutions are similarly able
to bring undergraduate students into the laboratory
to conduct basic research.

The “California Standards,” the “NSES,” and
“Benchmarks”

I became interested in K-12 education in part be-
cause of the appalling lack of college-preparedness of
students graduating from the Los Angeles Unified
School District. For the past six months, I have served
as a consultant to a California Commission developing
academic content standards in science. Dr. Glenn T.
Seaborg is Chair of the Science Committee for the
Academic Standards Commission and has a long and
distinguished career as both a scientist and advocate
for improving K-12 education. |

While assisting the Commission in the preparation
of the California Science Standards, I became im-
mersed in The National Science Education Standards
and the AAAS Benchmarks for Science Literacy. These
two documents are of extraordinary importance to
your hearings today, as they serve as the philosophical
basis or cornerstone for the NSF Systemic Initiatives.

The message I bring to you today is that the NSF
has chosen the wrong path in endorsing these docu-
ments. They have set a standard of achievement for
students that is shockingly low, and federal funding
is helping to create an entire generation of scientific
illiterates. The often quoted adage “less is more” brings
little comfort. As any thinking person knows, and as
the facts demonstrate, less is not more — it’s less!

Research Basis of NSES and Benchmarks

Tt is often said erroneously that the AAAS Bench-
marks and National Science Education Standards rep-
resent the widespread consensus of scientists and
educators as to what all high-school graduates need to
achieve reasonable literacy in science. In fact, there is
no consensus. Although there are some well-meaning
scientists who stand behind these documents, the
documents were primarily written by education spe-
cialists rather than scientists, and the sentiment of
most scientists has been one of indifference rather
than consensus. Given that only about a fifth of our
research grant applications are funded, there should
be no surprise that scientists only grudgingly com-
mit time to activities outside of the lab.

In addition to this misleading use of the word
“consensus,” it is also said with some frequency that
the National Science Education Standards and AAAS
Benchmarks are based on scholarly research on how
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Research Basis for National Science Education Standards

students learn and what is developmentally appro-
priate for all students to learn at a given age. In the
National Science Education Standards (p. 110), for
example, it is stated that there exists “an obligation
to develop content standards that appropriately rep-
resent the developmental and learning abilities of
students.” The prevailing philosophy among education
specialists is that a teacher does harm to students by
introducing material that is not developmentally ap-
propriate. I have undertaken a study of the litera-
ture cited in the AAAS Benchmarks to ask what is
the research on learning abilities of students, and is
it applicable to our students?

What I have found is quite disturbing. The National
Science Education Standards and AAAS Benchmarks
are based on the flimsiest excuse for research that I
have ever encountered. Fewer than half of the papers
covering student learning in physical, earth, and life
sciences are in peer-reviewed publications. In fact,
quite a few of the references are to unpublished
talks that were presented at education meetings.
This is certainly the lowest form of review, since you
and I can’t read what was said or even know if the
audience clapped politely after the speaker had fin-
ished. There are numerous instances where the AAAS
Benchmarks misstate the methodology or findings in a
paper, claiming that the study was performed on high
school students for example, when the paper indi-
cates it was performed on college students.

Most of the peer-reviewed research was not done
in the United States at all, but rather in countries such
as England, Australia, Germany, and Israel. The AAAS
Benchmarks and National Science Education Stan-
dards make a tremendous leap of faith in assuming
that children in different countries have similar learn-
ing stages. Many of the cited papers represent studies
conducted on small numbers of students, on the order
of 30 to 100, who in many cases were not chosen ran-
domly from an age cohort. It is often the case that
the very conclusions of the paper hinge on the re-
sponses of a dozen or fewer students who had not
even received formal instruction in the material upon
which they were being questioned. It is a sobering
thought that educational policy in the United States
could be influenced by a few seven year olds growing
up in another country, but this is in fact what has hap-
pened.

I will cite three specific example from the AAAS
Benchmarks research base, reflecting either a poor
research methodology, a possible lack of scientific un-
derstanding on the part of the educational researcher,
or a significant anti-science bias. There are, in total,
only forty-three peer-reviewed papers cited in the
physical, earth, and life-sciences sections of the AAAS

- Benchmarks, and I have managed to obtain and read
about thirty-five of them. The three papers I will cite
are fairly typical examples. '

Children’s Understanding of Inherited Traits

In discussing children’s understanding of inherited
traits, the following statements are presented in the
two national standards documents:

...students might hold some naive thoughts about
inheritance, including the belief that traits are
inherited from only one parent... (NSES p. 128)

Some students believe that traits are inherited
from only one of the parents...It may not be until
the end of the 5th grade that some students can
use arguments based on chance to predict the
outcome of inherited characteristics from observ-
ing those characteristics in the parents. (AAAS
Benchmarks p. 341)

What is the research that would support such a state-
ment? The cited paper by (Kargbo and others, 1980)
reports on the results of half-hour interviews with 32
Canadian students, with ages ranging from seven to
thirteen. Twelve of the subjects were under the age
of ten, and it’s astonishing that such a small group
could serve as the basis for the aforementioned state-
ment in the AAAS Benchmarks on the cognitive limi-
tations of students before the end of fifth grade.

Students were asked the following question (Kargbo
and others, 1980, Table 4, p. 142): “If a white male
dog and a black female dog have six puppies, what
colour would the puppies be?” First of all, geneticists
know that this is a question that is impossible to an-
swer with the information provided. The students
nonetheless gamely answer, guessing that the puppies
would be black or some combination of black and
white. None of the younger students guessed that
the puppies would be all white, which may indicate
that they thought the black pigment in the mothers’
coat would overcome in some way the absence of pig-
ment in the father’s coat. It’s a good guess.

The next question in the interview was, “Which
one of the parent dogs do you think will give more
colour to the puppies?” Most young students said the
mother dog, remembering perhaps that the father
dog was white and had no color. The authors concluded
from these interviews that it was clear “...that a large
number of the children thought the mother would
contribute more to the genetic make-up of the off-
spring than the father” (Kargbo and others, p. 142).
This is obviously not a fair conclusion, given the con-
text: the students were presented with a black mother
dog and white father dog and asked which would
contribute more color.

This is an example of poor research design. I wish
I could say it was unusual, but in fact this type of error
is present in nearly every cited paper. What is most
harmful in this example is the statement in the Bench-
marks about what children cannot understand before
the end of the fifth grade. Learning follows from in-
struction, after all. The fact that children have miscon-
ceptions prior to instruction should not be surprising,
nor should it prevent us from attempting to teach
them the concepts. The Benchmarks and National
Science Standards are full of unscholarly admonish-
ments about what children cannot learn at an early
age. By thoughtlessly building national policy around
research of this type, we have tremendously under-
estimated our children’s capacity to learn.
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Research Basis for National Science Education Standards

Children’s Understanding of Cooling Objects.

My second example, on children’s understanding
of cooling objects, illustrates a case where the students
being interviewed appear to know more about the
science than they are being given credit for. Kesidou
and Duit (1993) conducted interviews with 34 German
students in Grade ten, who had previously received
four years of physics instruction. The students were
asked questions based on a scenario having to do
with the cooling of a hot piece of metal. The authors
express concern at one point that'

Some students appeared to be unaware that every
cooling process requires an interaction partner.
It appears that they held the idea that bodies
may cool spontaneously without other (colder) bodies
being involved. (Kesidou and Douit, p. 97)

In reading the background of the German students,
it's no wonder that they thought bodies could cool
spontaneously — they learned about heat radiation in
the seventh grade. As I'm sure you all know, hot ob-
jects can become cooler by emitting infrared radia-
tion, and do not need to interact with other objects to
do so. This error is repeated in the AAAS Bench-
marks (p. 337) which state:

Middle- and high-school students do not always
explain heat-exchange phenomena as interactions.
For example, students often think objects cool down
or release heat spontaneously — that is, without
being in contact with a cooler object.

The paper by Kesidou and Duit has been favorably
cited in a recent letter from Bruce Alberts, President
of the National Academy of Sciences (Alberts, 1998).
Dr. Alberts is an outstanding scientist, but he may
be unaware that this paper contains an egregious error.
I am compelled to ask why, for all the millions of dollars
that have been spent, our students are being so poorly
served by these national standards documents? I wish
1 could say that this was the only example of a paper
in which the authors make a mistake about the science.
Unfortunately, it is a common finding.

Children’s Perceptions of the Shape of the Earth.

My final example of citations in the AAAS Bench-
marks is representative of a school of thought called
“post-modernism,” in which what is generally called
scientific fact is taken to be merely a “belief system.”
In the first printing in 1992 of a National Research
Council document discussing the intellectual founda-
tions of the National Science Standards, it was stated
that the standards would reflect the “postmodernist
view of science” that “questions the objectivity of ob-
servations and the truth of scientific knowledge.” The
National Science Education Standards themselves
state a vision that there should be less emphasis on
“knowing scientific facts and information,” less empha-
sis on “activities that demonstrate and verify science
content,” and less emphasis on “getting an answer”
(NSES p. 113). ,

In the cited paper Vosniadou and Brewer (1992)
report the mental models children hold of the shape
of the earth. These authors conducted interviews on

60 students between the ages of six and eleven, and
evaluated artwork they drew of the earth situated in
space. Their rubric for scoring these children’s draw-
ings was complicated. If, for example, a child drew the
earth as a circle surrounded by stars in space, that was
taken to be a indication that the earth was a sphere.
If the stars appear on only one side of the earth, it
was assumed that the student believed the earth is flat.
What is even more appalling than the research meth-
odology is the language used by the authors:

The purpose of the present study was to further
investigate the nature of children’s intuitive knowl-
edge about the shape of the earth and to under-
stand how this knowledge changes as children are
exposed to the culturally accepted information that
the earth is a sphere. (Vosniadou and Brewer,
p. 541)

The authors repeat this peculiar phrase, “the cul-
turally accepted information that the earth is a sphere,”
or something similar to it, a total of four times in the
paper. It is not clear from these statements whether
the authors are themselves willing to commit to the
proposition that the earth is round. I would merely
ask: How is it possible that the AAAS, the National
Academy of Sciences, and the National Science Foun-
dation have spent so many hundreds of millions of
dollars to increase the influence of this type of thought
in our schools?

The vision of the national standards documents is
that scientific facts have little value, and children
should not learn them, and after all, cannot learn
them. Depriving students of a content-rich education
in science will not give them standing in the global
economy.

A California Commission for the Establishment
of Academic Content and Performance Standards
(1998) has recently taken a different course in devel-
oping content-rich academic standards in science for
the K-12 schools. A copy of these standards has been
included with my written testimony. Although many
documents were consulted during the writing of
these standards, including the AAAS Benchmarks
and National Science Education Standards, one of the
primary considerations was the content knowledge
expectations placed on students in other countries.

I have included in my written testimony the 1997
Indian Certificate of Secondary Education Examination
(Council for the Indian School Certificate Examina-
tions, 1994). There are several reasons for assessing
our own expectations of student achievement
against those of India. Their syllabus distinguishes
the content knowledge that all secondary students are
to learn, which is indicated in italics, from the more
advanced content knowledge expected of college-
bound science majors. Since much of the thrust of
our own national science standards documents is to
define literacy for all students, this is an important
distinction.

It is clear from this syllabus that India expects
significant content knowledge from all of its students.
In the ninth year of schooling (Class IX), for exam-
ple, all students learn about friction and lubrication,

Journai of Geoscience Educaiion, v. 48, 1598, p. 465



Research Basis for National Science Education Standards

pressure in a liquid at rest, and the effect of pressure
on the boiling point of a liquid. They learn about the ex-
pansion of solids, liquids, and gases, and paths of heat
conduction, convection, and radiation. The A-level stu-
dents learn much more still (see non-italicized text).
Despite the problems of grinding poverty and mul-
tiple languages, India is training students to such a
high level that they are rapidly becoming a world
leader in the fields of information technology. We
have also seen evidence in the past few months that
their nuclear physicists learned a few things in school.
As the late Albert Shanker, President of the American
Federation of Teachers remarked (Shanker, 1994):

..when you talk about world class standards, there
is a world out there.

So what are the systemic initiatives doing to help
prepare our students for the global economy? I've copied
three exercises from a 9th grade textbook (Issues,
Evidence and You, LAB-AIDS, Inc.) being promul-
gated in the LA schools by the LA Urban Systemic
Initiative, and have included them with my written
testimony. The first activity in the book has students
sipping samples of water from cups, with the chal-
lenge to attempt to reach a group consensus on
which sample in the taste test might have come from
bottled water. An example taken from the middle of
the book has students mixing hot and cold water,
and predicting the outcome (if you guessed warm
water, then you must have studied in advance!). The
last activity in the book has students read a short
passage about the history of Easter Island, and an-
swer questions such as, “What does this parable tell
us about our own relationship to our environment?”
Though these might be good exercises in the third or
fourth grade, the content-knowledge expectations
are shockingly low for a student in high school.

Conclusion

‘The educational reform movement in this country
has caused us to lose our grounding and focus on
what is good practice in science education. In Sep-
tember of last year, the House Committee on Science
heard testimony from the President of the Technical
Education Research Center on inquiry-based learning
for the 21st century (Sampson, 1997). Among the ex-
emplary curricula presented by this individual was
an example called, “The Pringle’s Challenge,” in
which students create a mailing container that is both
lightweight and strong, and use that container to mail
one Pringle’s potato chip to a partner school without
breaking the chip. When the package arrives, the re-
ceiving school determines whether the chip is intact,
measures the weight and volume of the package, and

gives the package an overall score based on these
three variables. Our poor showing in the 12th grade
TIMSS study should come as no surprise. While our
students were mailing potato chips to each other, stu-
dents in other countries were hitting the science books

and learning something.
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A time traveler from the year 1899 would be continually amazed by our advanced
technology--our cars and airplanes, our skyscraper cities, our TV, radio, computers,
and communication abilities. Probably the traveler would be most shaken by our
science, from astronomy to zoology. The only place in which this visitor would be
comfortably at home is in most of our high schools.

Amazing things are really beginning to happen in the reform of high-school science
education, but one needs increased efforts to build momentum. In a previous column

(Physics Today, April 1995, page 117), I noted with mock amazement that students
were still taking biology (or earth science) in ninth grade, with 50% going on to a year
of chemistry and maybe 20% taking a third year, the dreaded physics, as juniors or
seniors.

Since then, a group centered at Fermilab's education section under Marjorie Bardeen
has held two intensive workshops, bringing together scientists and teachers with an
important sprinkling of Washington-based movers and shakers, who serve as an
informal advisory committee, which I chair. These include Bruce Alberts of the
National Academy of Sciences (NAS), Rodger Bybee of Biological Sciences
Curriculum Studies, George Nelson of Project 2061 of the American Association for
the Advancement of Science (AAAS), Shirley Malcom of AAAS, and Gerald Wheeler
of the National Science Teachers Association. Out of these workshops came an
outline or framework for a three-year science curriculum designed for all students, in
which the subject order is reversed: 9th grade, physics; 10th grade, chemistry; and 11th
grade, biology. We insisted that the standards propagated by NAS and AAAS required
a minimum of three years of science and that the order does matter. The recently

released National Research Council report, Physis ina NewE,! puts it beautifully:
"Because all essential biological mechanisms ultimately depend on physical
interactions between molecules, physics lies at the heart of the most profound insights

http://www.aip.org/pt/vol-54/iss-9/p11.html 1/19/2007
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into biology."

Of course one can say the same about the need to master basic physics concepts to
understand such crucial topics as chemical structures, atomic binding, the gas laws, or
that battle flag of chemistry, the periodic table of the elements. And again, as any
reader of The Dovble Helix knows, a knowledge of a lot of chemistry is required to

begin a study of modern molecular-based biology.?

The rational order

We know of more than a hundred schools around the country, about 60% of them
private, that have switched the sequence to the rational order. Some have been
teaching "physics first" for more than ten years.

Since 1995, T have been thinking deeply about the huge task of writing a new
curriculum that would bind the three years into a coherent, core science curriculum
for all students. The fail-safe, default curriculum would start with conceptual physics,
using the math that was being taught in eigth and ninth grades. Starting with
phenomena in the real world around the student, the course would progress through
standard, important physics topics, emphasizing those that would be most helpful for
future applications to chemistry and biology. I believe the course must conclude with a
month on atoms, their structure, and how they bind to form molecules. Here is where
the physics year ends and chemistry begins. Repetition is encouraged; the boundaries
between the disciplines are lowered so that the transition is seamless.

Physics topics would be repeatedly used in chemistry so that students continue to
deepen their understanding through applications. The same thing would happen in the
transition from chemistry to biology. Chemistry (and physics) concepts are continually
reviewed, embellished, and used. Laboratory work must be inquiry dominated (the
opposite of cookbook labs) and designed to illuminate concepts. (See the article in this
issue by Ramon Lopez and Theodore Schultz, page 44.)

Since a new curriculum only gets done once in a hundred years or so, let's get it as
right as we can. Science majors will surely go on to advanced placement (AP) courses
and other elective science courses, so here we are mostly concerned with future
citizens. (This set includes a lot of scientists!)

Both science and nonscience students could, and I believe should, be required to take
a fourth year of science. I strongly recommend that the fourth year be devoted to
Earth science for its integration of disciplines, its intrinsic importance, and its daily
applicability. Other possibilities are astronomy, environmental science, computer and
computational science, and AP versions of physics, chemistry, and biology.

The three-year sequence must include a lot of process in addition to content. How
does science work? How did we discover some of these things? Why is science such a
universal culture? How do the traits of skepticism, curiosity, openness to new ideas,
and the joy of discovering the beauty of nature affect the process of science? Long
after all the formulas, Latin words, and theories are forgotten, the process will be
remembered. The goal of teachers using the new curriculum would be to produce
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high-school graduates who will be comfortable with a scientific way of thinking.

Mathematics must be brought in to this curriculum revolution early because math
phobia is a near fatal disease unless the student is inoculated at a young age. Math
phobia contributes strongly to the separation of entering ninth graders into the classes
of "ready” and "not ready." Seamlessness is essential so that middle-school (and
younger) students are prepared, by attitude as well as skills, for the new high-school
experience. Obviously, the kindergarten through eighth-grade teachers must be
included in our long-term revolution.

Another feature of our 21st-century school is teacher conferences. Not annually but
weekly. The math and science teachers must work together in collegial professional
development so that the connections of the disciplines are emphasized and the
coherent elements emerge. Imagine if the math and physics teachers can design the
strategy of the week so that Monday's math is used in Tuesday’s physics! I give this
activity a costly five hours per week (it's only money). Here are other profound
connections: How does history influence science, physics influence philosophy,
chemistry influence architecture, neuroscience influence linguistics, music, and
mathematics? We must eventually include the teachers of social studies and
humanities. I'm not sure what to do with economics.

If we want this reform to last well beyond the first few decades of the 21st century, we
must try to anticipate dramatic, mind-numbing changes in science, technology, and
human knowledge. The connections we now see may be guidelines for future
reorganizations of our knowledge and ways of thinking.

Some of these connections should be part of the core curriculum; others can appear in

science, technology, and society-type courses. The arguments and debates in these
teacher conferences will be worth the price of admission, but they must have useful
and convincing outcomes. High schools will be true communities of learners. (Imagine

a roll of drums here.)

So we have continuous professional development, the barriers between the sciences
and between science and math are removed, but we maintain respect for the
disciplines. The 21st-century graduates, all of them, can connect subjects all over the
intellectual map. The highest form of literacy.

For this and any serious reform of science education we need to improve the
recruitment, training, retention, and evolution of our teacher workforce. A broad
knowledge of science is an essential part of the rational ordering. If our leaders--
presidents, governors, congressmen--are serious, the federal government can surely
support a revolutionary change in our educational system.

From my list of more than 100 schools that are doing physics first, I have learned that,
since there is no curriculum, the schools have innovated. They use books like Paul
Hewitt's Coneeprual Physics (HarperCollins, 1993) or Arthur Eisenkraft's A die Physic
(six volumes, It's About Time Inc, 1998), which are great books but not designed as a
prerequisite for chemistry and biology. So the teachers add, embellish, and improvise.
The anecdotal reports from many, if not all, of these schools indicate that after an
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awkward transition from biology-chemistry-physics to the rational order, it is the way
to go. Enrollment in elective science and AP science courses explodes and young
women take AP physics! The anecdotal information is heartwarming but must be
followed up with hard data. Of course, the schools must manage the teacher
assignments to handle the influx of students taking ninth- grade physics. I am in touch
with numerous schools that are considering the switch but are concerned about the
serious teacher shortage problem.

Connections to other fields

To my knowledge, none of the pioneer schools has gone back. Our optimism has
recently been greatly rewarded. In the past few months, the school districts of
Cambridge, Massachusetts, and San Diego, California, have opted for all incoming
students to take physics in ninth grade, followed by a year of chemistry, then biology.
This is a huge domino! San Diego is the sixth largest school system in the nation;
Cambridge has a small system but an impressive parent body. So we see some real
action.

I have a vision, still a bit cloudy, of a real revolution in high-school science inevitably
extending to the entire curriculum. We need to upgrade the economic and social status
of teachers so that our best students will want to teach. And we need to help make
seamless transitions from middle school to high school to college.

Resistance to change is awesome. Change will be expensive, but since education has

been declared essential to national defense,” money is no obstacle. Our colleagues
who teach physics in high schools must bear the crucial responsibility of making
physics--no, science--palatable, important to the lives of their students, exciting to a
large new population who may well be the least prepared and the most fearful. My
experience is that physics teachers don't like to "do" freshmen. They also worry about
those well-prepared freshmen that may be turned off by a too simple, relatively
nonmathematical exposure to physics. Any ninth grade physics can't be worse than
ninth grade biology! Well prepared freshmen can be offered honors and AP physics if

they qualify.

Some critics are concerned that ninth-grade physics may not be suitable for college
preparation. Fortunately, college preparation is not a law of nature but a decision
made by college admissions officers or the Educational Testing Service or some
educational bureaucrats. They must be brought into the discussion so that the students
are tested for grasp of concepts, grasp of connections, and grasp of the process of
science, in addition to a reasonable skill at problem solving. As we make progress in a
real curriculum, the application of physics to chemistry and biology will produce a
higher level of sophistication that should gladden the hearts (if any) of the college
admissions people. Finally, as Algebra I becomes increasingly part of the armaments
of the ninth grader, the course for this grade level can evolve, as it has to, to prepare
students for chemistry. Other problems proliferate: Some education experts say
physics is too abstract for ninth graders. You can add to this list.

Again I plead with my colleagues to help out. The vision is full of difficulties and may
even be wrong in some details. I have read about variations, such as including a new
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clumping of grades 7, 8, 9, and 10 into middle high school and 11, 12, 13, and 14 into
lower college, which would encourage (require?) two years of college for all students.
The future scientists will not be injured. We all know students who can solve physics
problems but have no grasp of concepts. Attention to 4/ the students will surely
expose an occasional genius who had never been subjected to a logical sequence. We
must all market the new strategy. So go visit your nearest high school; make sure our
time traveler from 1899 will be rapturously uncomfortable there.

(Now imagine eight bars of Thus Spake Zarathustra. Thank you.)

I wold ltke to thark Ted Sdhultz of APS, Colleen Megowm, a physics first teacher, and Judy
Parrish of A vizona State Uniwersity for belpful comments.
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ARISE Physics

Forward:

This is an interim version of the Volume 1 of a 3-volume “cut and paste” guide to the
“Physics First” curriculum. It currently contains only our ideas on the topics that should
be taught and the students’ skills which need to be developed in the physics course which
forms the first of the three science courses of the ARISE sequence.

Your comments would be very welcome. Please send e-mail to Dr. Lederman at
lederman@fnal.gov



Curriculum Topics

The topics which have been chosen for the proposed first year of the ARISE high school
sequence are those which we believe will best prepare the young minds of freshmen for
the chemistry course of the following year. This means that a number of topics found in
a “conventional” high-school physics course have had to be excluded. These topics will,
we hope, be taken up in the elective physics course that students will take as seniors.

We believe that the topics listed below, done thoroughly, will provide a suitable
introduction to a basic science discipline, physics, and also provide a good basis for
chemistry. Enrichment of the course according to the teacher’s interest or the student’s
demand is to be encouraged, but not at the cost of leaving out the necessities for
understanding the concepts required for chemistry.

Traditional textbooks showing a similar sequencing to this would be:

Serway and Faughn, Giencoli, Bueche. These are all texts used at the college level by
non- science majors but they are frequently used in high schools. These texts will be a

useful reference for the teacher.

Main Subject Specific Topic

Topic 1 Vectors Displacement
Velocity Force
Force Table
Components

Topic2  Kinematics Displacement
Velocity
Acceleration

One and two-dimensional motion

Topic 3 Dynamics Force
Newton’s 1* Law
Newton’s 2™ Law
Newton’s 3™ Law
Friction

Topic4  Work and Energy Work
Kinetic energy and work-energy theorem
Potential Energy
Conservation of Mechanical Energy
Power
The very special role of energy in science



Topic 5 Momentum and Center of gravity
Collisions Momentum and Impulse
Conservation of Momentum
Collisions in 1-dimension
Collisions in 2-dimensions

Topic 6 Circular Motion Uniform Circular Motion
Centripetal acceleration
Centripetal force
Universal Law of Gravitation
Gravity at all locations
Satellites

Topic 7  Electric Forces Electric Charge and Fields
Force between charges
Electroscope
Conduction and Induction
The electric field

Topic 8  Electric Potential Electric Potential Energy
Potential Difference
Equipotential
Battery

Topic 9 Magnetism Magnetic Field Mapping
Earth Magnetic Field
Magnetic Field Created by an Electric

Current
Topic 10  Electromagnetic Waves Oscillating Electric and Magnetic Fields

Topic 11 Geometric Optics: Concept of light
Speed of light

Topic 12 Vibrations and Waves  Periodic motion
Hooke’s Law and elasticity
Potential energy
Simple Harmonic Motion
Wave terminology
Wave interaction: reflection
And transmission
Wave Resonance in a string
Transverse and Longitudinal waves
Include ripple tank and sound demonstrations as
examples of wave behavior.



Topic 13

Topic 14

Topic 15

Topic 16

Relativity

Photons

Quantum Mechanics

The Atom

Postulates of relativity

Speed of light as limiting speed
Simultaneity

Moving clocks run too slowly
Relativistic length contraction
Relativistic mass-energy relationship

Planck’s discovery
Einstein’s use of Planck’s constant
Compton Effect

deBroglie wavelength

Wave mechanics versus
Classical mechanics
Resonance in deBroglie waves
The uncertainty principle

Atomic structure
Electron energy levels
A glimpse at chemistry
Nucleus

Fission and fusion.



Development of Students’ Skills
Fred Myers

One of the many advantages of following the sequence of science courses recommended by
ARISE is that students’ skills can be developed and nurtured as the need for those skills becomes
apparent. Since concepts flow logically through each course, a skill once learned is used over
and over as interdisciplinary connections are made. Skills that are learned in mathematics and in
experimental work lead to an ability to think critically. Making sensible estimates and
appreciating fine differences are essential for this kind of thinking and the laboratory is the ideal

place to learn these skills.

The level of student mathematical skills is an important issue when implementing a ninth grade
physics program. It is important to decide up-front if the students will be grouped
heterogeneously or according to their mathematical skills. If you choose the heterogeneous
route, general classroom presentations and expectations must be respectful of those students who
are not yet proficient with algebra. Differentiated instruction and more advanced mathematical
treatments should be provided for those students who are proficient with algebra.

Many schools have found it advantageous to offer ninth grade physics at two different levels. A
more advanced level should be available to students who are proficient with algebra, and a
separate level should be available for students who have not yet become proficient with algebra.

Some ninth grade physics programs have come under fire because they are called ‘conceptual
physics’. A quality ninth grade course should emphasize the importance of conceptualizing
physics, but no course should be devoid of mathematics. A physics course begs to be both
conceptual and quantitative.

Mathematics should always be used in experimentation, and mathematics should

frequently be used in problem solving. However, algebraic dexterity should not be the focus.
For decades, many physics students have become discouraged because they don’t see the forest
for the trees. That is, their difficulties and frustrations with algebraic dexterity often cloud their
view so much that they do not recognize the power, beauty, and wide applications of the

concepts of physics.

Basic Skills and Knowledge

Instruction for the following list of basic skills and knowledge should be embedded throughout
this course and throughout all later science courses. It is not recommended that an introductory
unit on these basic skills be taught in isolation. Students too often find it uninteresting and
boring when taught in this manner, forever tainting their view of physics. Instead, students
should receive instruction regarding these basic skills when the need arises and in context with
real exploration or learning.

1. Units
Metric prefixes: k,c, m,n
Metric conversions
English/metric conversions
Distinction between derived and fundamental units

1



2. Measurement Skills
Students will use a variety of instruments to make measurements of
the following:
Length (meter stick, ruler)
Time (stop watches, strobe devices)
Mass (triple beam balance, electronic balance)
Angles (protractor)
Voltage (voltmeter)
Current (ammeter)
Students will recognize that there is no such thing as an exact
measurement
Accuracy
Precision
Repeatability & fluctuation
Round measurements to reflect reasonable accuracy
Percent deviation/error = [Difference/”Accepted”] x 100
Validity of experimentation

3. Data Tables
Appropriate columnar structure
Clear labeling

4. Graphing Skills

Construct graph from given data (including selection of appropriate
graph format, setting up proper and reasonable axes, title, labels,
appropriate scale & range, and reasonable data points)

Interpolation

Extrapolation

Conceptual description of slope from visual check of graph

Draw visual (not mathematical) best-fit lines representing the data

Determination of value of slope

Write equation to represent data of straight-line graphs

5. Significant Digits
Significant digits enable communication about measurements

Use of significant digits should be ‘reasonable’

Recognize the number of significant digits in a reported measurement

Report a reasonable number of significant digits when measuring

Report a reasonable number of significant digits when performing
calculations

6. Other Mathematical Skills
Students will be able to apply a variety of mathematical tools to the
investigation of physics:
Basic calculator functions: +, -, x,/, and v
Rounding
Calculate means of a set of values
Express numbers in scientific notation
Translate values written in scientific notation to numbers

2



Perform mathematical functions with numbers written in
scientific notation (+, -, X, /, and \/)
Use symbols to represent quantities
Solving equations
Substitute quantity values into equations
Solve equations for unknown (basic algebra)
Pythagorean Theorem
Characteristics of circles: radius, diameter, circumference
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ARISE - CHEMISTRY

Forward: by Leon Lederman

This is the second volume of a three-volume “cut and paste” guide to the “Physics First” curricu-
lum. Each volume, Physics, Chemistry, and Biology, is tasked to supply guides to the best mate-
rials available for instruction in each of the traditional disciplines. However, the emphasis in a
coherent three-year curriculum is to ease access to the connections between disciplines, to seek
the most useful materials in physics, which will facilitate the understanding of the chemistry
topic under discussion and to indicate those components of chemistry that will be most useful for
molecular biology. We also provide a guide to storytelling, to history of who did what, and how.

The study of chemistry includes essentially all aspects of the behavior of atoms and molecules
(a.k.a. elements and compounds). The structure of atoms is fundamental to chemical behavior
and to the process by which atoms combine to form simple molecules such as H2 all the way to
the complex molecules of life. Applications of chemistry dominate the societal impact of science
from the essential applications to life sciences, to energy sources, to nuclear chemistry and to the
development of drugs. Chemistry, the central discipline, has a pivotal role in the three-year se-
quence that is designed to erase disciplinary boundaries, but to preserve disciplinary integrity.

Please send your comments and questions to me at lederman(@tnal.gov.

Credits:
Three teachers contributed the chemistry resources:
Frank Cardulla, Niles North High School, Skokie, IL, (retired) editor of ChemMatters, in-

dexed ChemMatters.
Bill Grosser, Glenbard South High School, Glen Ellyn, IL provided ideas and examples of

cooperative learning and use of technology in the classroom.
Lee Marek, University of Illinois, Chicago, indexed Flinn ChemTopic Laboratory Manuals

and provided ideas and examples.
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A. CURRICULUM TOPICS

1 Matter and Change 12 Gases/Gas Laws/Kinetic Theory
2 Measurement 13 Electrons in Atoms
3 Problem Solving 14 Periodicity/Periodic Law/Metals, Non-
4 Atomic Structure metals and Families.
5 Radioactivity, Fusion, Fission 15 Ionic and Metallic Bonds
6 Chemical Names and Formu- 16 Covalent Bonds, Molecular Shapes and

las/Compounds and Elements Intermolecular Forces
7 Moles 17 Water, Aqueous Solutions
8 Chemical Reactions 18 Reaction Rates and Kinetics
9 Stoichiometry 19 Equilibrium
10 Phases, Solids, Liquids and Gases (States 20 Acid/Bases/pH

of Matter) 21 Organic Chemistry
11 Thermochemistry 22 Redox/Electrochemistry

B. SOURCE MATERIALS
Chemistry Textbooks

Textbooks are important in spite of the Internet. They affect both the student and teacher alike.
Teachers rely upon textbooks; they serve as ready-made courses and define the material that stu-
dents will learn from lesson plans, homework assignments and tests. Selection of a textbook is
important because you will probably be using it for at least five years.

The American Chemical Society web site lists many textbooks available for high school chemis-
try: <http://www.umsl.edu/~chemist/cgi-test'mybooks.pl?category=16>

The following list of chemistry textbooks (some of them from the ACS list) gives the web links
to their publisher. The order here has no particular significance. If your favorite book is not on
this list, let us know. As you will see from the The Textbook Letter (in the following section),
textbook selection is never easy and in some states rather “interesting.”

Addison-Wesley Chemistry
6th Edition 2002 881 pp. 0-130-54384-5 (student edition); 0-130-58056-2 (student edition with

CD-ROM); 0-130-54847-2 (teacher edition with resource CD-ROM)

Wilbraham, Antony C., Dennis D. Staley, Michael S. Matta, and Edward L. Waterman
<http://www.phschool.comy/atschool/chemistry/index.html>

$69.95 (student edition); $76.21 (student edition with CD-ROM); $118.71 (teacher edition with
resource CD-ROM)

4th edition reviewed in The Textbook Letter July-August 1997

Chemistry in the Community (ChemCom)



4th Edition 2001 ACS 0-7167-3551-2 (full version); 0-7167-3890-2 (minibook)

American Chemical Society
<http:// www.whfreeman.com/highschool/book.asp?disc=CHEM&id_product=1124001 763& (i

d course=1058000061&disc name=Chemistrv&cd booktype=CRTX>

$70.00
Reviewed in The Textbook Letter, July-August 1997

Chemistry: Matter and Change
The McGraw-Hill Companies (Glencoe/McGraw-Hill), Columbus, OH, ISBN 0-02-828378-3

Dingrando, Gregg, Hainen & Wistrom
<http://www.glencoe.com/sec/science/index.html>

Prentice Hall Chemistry - Chemistry: Connections to Our Changing World

2nd Edition 2000 960 pp. Prentice Hall 0-13-434776-5 (student edition); 0-13-434777-3 (teacher
edition)

LeMay, H. Eugene, Herbert Beall, Karen M. Robblee, Douglas C. Brower
<http://www.phschool.com/atschool/chemistry/index.html>

Price unavailable

Previous edition reviewed in The Textbook Letter January-February 1995

Holt Chemistry: Visualizing Matter

“Technology Edition” 2000 864 pp. Holt, Reinhart and Wilson 0-03-052002-9 (student edition);
0- 03-053837-8 (teacher edition)

Myers, R. Thomas, Keith Oldham, and Salvatore Tocci
<http://www.hrw.com/science/hc/index.htm>

$52.95 (student edition); $70.50 (teacher edition)
Previous edition reviewed in The Textbook Letter November-December, 1996

Chemistry: Concepts and Applications
2nd Edition 2000, Glencoe 0-02-828209-4 (student edition); 0-02-828210-8 (teacher edition)

Phillips, John, Victor Strozak, Cheryl Wistrom wrote the previous edition; the publisher
lists no author for this one.

<http://www.glencoe.com/sec/catalog/cgi-
bin/secDisplay.cei?function=display&area=science&category=productinfo&nameid=9>
$66.00

Previous edition reviewed in The Textbook Letter July-August, 1998

Modern Chemistry
19th Edition 1999 Holt, Reinhart and Wilson 0-03-051122-4 (student edition); 0-03-051389-8

(teacher edition)

Davis, Raymond E., H. Clark Metcalfe, John E. Williams, and Joseph F. Castka
<http://www.hrw.com/science/me/index.htm>

$52.95 (student edition); 70.50 (teacher edition)

Reviewed in The Textbook Letter January-February 1998




The Real World of Chemistry

3rd Edition Kendall Hunt (I can no longer find it on the Kendall Hunt webpage). 1998 320 pp.
0-7872-4190-3

Fruen, Lois

$39.95 (wire coil)

Merrill Chemistry

7th Edition 1998 910 pp. Glencoe 0-02-825526-7 (student edition); 0-02-825527-5 (teacher edi-
tion)

Smoot, Robert, Richard G. Smith, and Jack Price

<http://www.glencoe.com/sec/catalog/cgi-
bin/secDisplay.cgi?function=displav&area=science&category=productinfo&nameid=10>

$44.98 (student edition); $59.99 (teacher edition)

Reviewed in The Textbook Letter, November-December, 1998

Active Chemistry

1st Edition, It’s About Time 1-58591-113-5 (student edition); 1-58591-114-3 (teacher edition)
Anonymous

<http://www.its-about-time.com/htmls/ac/ac.html>

$23.95 (Student edition); $49.95 (Teacher edition)

World of Chemistry
McDougal Littell - A Houghton Mifflin Co., Evanston, IL, ISBN 0-618-13496-4

Steven Zumdahl, Susan A. Zumdahl, and Donald DeCoste
<http://college.hmco.com/chemistry/general/zumdahl/world of chem/le/students/>
<http://college.hmco.com/chemistry/general/zumdahl/world of chem/l1e/instructors/index.html>

Conceptual Chemistry: Understanding Our World of Atoms and Molecules
2nd Edition, 2004 ISBN: 0-8053-3228-6 John Suchocki
<http://www.aw-bc.com/catalog/academic/product/0,4096,0805332286.00.htmI>
Publisher: Benjamin Cummings

Format: Cloth Bound w/CD-ROM; 647 pp

$84.60

Chemistry in Your Life
2003, 600pp, Bedford, Freeman and Worth
Colin Baird, University of Western Ontario, Wendy Gloffke, Science Writer and Educational

Consultant
Go to: <http://www.bfwpub.com/book.asp?2001002476> to access table of contents etc.

CHEMISTRY: Connections That Matter

W. H. Freeman and Company 2003

Joseph Krajcik, Brian Coppola, Alan Kiste
<www.whfreeman.com/highschool/book.asp?2001002486>

Meeting Tomorrow’s Science Needs Today



<www.whfreeman.com/stw/>

ChemCom

Chemistry In The Community, Student Text; ISBN 0-7167-3551-2, $62.90
Wraparound Teacher’s Edition, 0-7167-3918-6, $69.90
<http://www.acs.org education/curriculum’/chemcom.htm|>

For the Student:

Website: <http://www.whfreeman.com/chemcom/>




Textbook League

By Lee Marek

The Textbook League, which publishes The Textbook Letter (TTL), is an interesting group. I
have been reading the letter for a number of years and really like the reviews and find them hon-
est and refreshing compared to most, but go to their website and judge for yourself.
<http://www.textbookleague.org/>. You will find that new material is added frequently to the
web site and The Textbook Letter could help you in the choice of a suitable textbook for your

course.

The textbook selection process can be really important. For one thing the teacher is liable to be
“stuck with it” for five or more years. Textbooks affect not only the students but also the teacher.
They “tell” the teacher “what is important and how it should be taught.” As the Textbook League
webpage says, “In many instances the books serve as ready-made courses, since many teachers
depend on them to define a curriculum, to prescribe the material that students will learn, and to
dictate how the material will be presented. This effect is all the greater because teachers often
rely upon textbook publishers to provide ready-made lesson plans, ready-made homework as-
signments for students to execute, and ready-made tests for students to take — all keyed to the
textbooks that the teachers have chosen.” The following is culled from Textbook League’s web-
site, except for a few of my comments in parentheses. There are two sample reviews included.

One might expect, then, that textbooks would undergo considerable scrutiny before they
get into schools. Indeed, one might expect that the American education community would
sponsor formal textbook-review proceedings, and would disseminate the results of such
proceedings to teachers throughout the country, so that the teachers would be made aware
of good books and would be warned away from poor ones.

In fact, however, no national textbook evaluation processes exist, and the “evaluations”
conducted by state departments of education or by local school districts are rarely any-
thing more than bureaucratic shams—bogus proceedings where textbooks are judged by
those who have no discernible qualifications for such work. In typical cases, the state
education agencies and local districts approve textbooks without soliciting appraisals
from persons who have expert knowledge of the relevant subject matter. As a result,
classroom teachers can be stuck with biology books that have never been reviewed by
any biologist, history books that have never been seen by any historian, geography books
that have never been evaluated by any geographer, or health-education books that have
never been reviewed by any physician. (Indeed I have seen such in my own district—tops
in the world on the TIMMS test. We had a committee that I foolishly said I would be on
for junior high textbook selection. We met off and on for over a year, then an administra-
tor picked the textbook series for us because they got a good deal from the publisher!)

In 1989 a group of Californians undertook to do something about this situation by found-
ing an organization and a periodical devoted to providing the knowledgeable reviews that



educators need. The organization is The Textbook League. The periodical is The Text-
book Letter, which the League mails to subscribers throughout the United States. The
subscribers include classroom teachers, officers of local school districts, officers of state
or county education agencies, and private citizens who take a serious interest in the con-
tent and quality of the instruction offered in the public schools.

Each issue of The Textbook Letter is built around reviews of schoolbooks, with emphasis
on middle school and high school books in history, geography, social studies, health edu-
cation, and the various branches of natural science. Reviews are augmented by articles on
topics that are important to educators, who must choose and use instructional materials.

A typical review in The Textbook Letter is contributed by a person who has professional
credentials in the pertinent discipline. A physics textbook is reviewed by a professional
physicist; a chemistry text is reviewed by a professional chemist; a health education text
is reviewed by a practicing physician; an earth science text is reviewed by a geologist or a
paleontologist; and so forth.

Each review focuses strongly on the factual and conceptual content of the book in ques-
tion. The reviewer’s principal aim is to judge whether the book’s factual information is
solid, whether the book’s conceptual syntheses and interpretations are up to date, and
whether the material that the book presents will be meaningful to the intended audience.

When the editors of The Textbook Letter send a book to a reviewer, they deliberately do
not furnish any list of evaluation criteria for the reviewer to use. The editors’ precept is
that a textbook is (or should be) a tool for promoting intellectual development, and that
intellectual matters cannot be reduced to checklists or catalogues of buzzwords. Their ap-
proach is to engage an expert, then let the expert use his own judgment in deciding which
features of the book deserve to be described and analyzed in a review.

The website of The Textbook League is a resource for middle-school and high-school educators.
It provides commentaries on some 200 items, including textbooks, curriculum manuals, videos
and reference books. The Textbook League, P.O. Box 51, Sausalito, California 94966

<http:// www.textbookleague.org/>

The following from the website describes the process of State Textbook adoption. I have only
put part of it here. If you go to the website, you can read more. If you teach science, this can
really scare you! The following webpage Annals of Corruption: Part 1 is about Richard
Feynamn’s “Judging Books by Their Covers” and proves to be an interesting read. I have in-
cluded but a small part here. <http://www.textbookleague.org/103feyn.htm>

In 1964 the eminent physicist Richard Feynman served on the State of California’s Cur-
riculum Commission and saw how the Commission chose math textbooks for use in Cali-
fornia’s public schools. In his acerbic memoir of that experience, titled “Judging Books
by Their Covers,” Feynman analyzed the Commission’s idiotic method of evaluating
books, and he described some of the tactics employed by schoolbook salesmen who
wanted the Commission to adopt their shoddy products. “Judging Books by Their Cov-



ers” appeared as a chapter in “Surely You're Joking, Mr. Feynman!”—Feynman’s auto-
biographical book that was published in 1985 by W.W. Norton & Company.

To introduce a series of articles about corruption in schoolbook-adoption proceedings, we
present here (with permission from W. W. Norton & Company) an extended excerpt from
Feynman’s narrative. Readers will see that Feynman’s account is as timely now as it was
when he wrote it. State adoption proceedings still are pervaded by sham, malfeasance and
ludicrous incompetence, and they still reflect cozy connections between state agencies
and schoolbook companies.

Some Nasty Performances in Oklahoma: <http://www.textbookleague.org/1060kla.htm>
By William J. Bennetta

Oklahoma is an “adoption state.” It is one of 22 states, most of them in the South or the
West, in which state agencies control the evaluation, selection and adoption of the text-
books that will be used in public schools. In Oklahoma, the agency that performs the
evaluating and selecting and adopting is the Oklahoma State Textbook Committee.

Oklahoma law says that the State Textbook Committee shall comprise thirteen persons,
all appointed by the governor. Twelve members must be employees of public schools,
and a majority of those twelve must be classroom teachers. The thirteenth member must
be a layman “having at least one child in the public schools of Oklahoma.” The declared
function of the Committee is to “select textbooks or series of textbooks for each subject,
which are in its judgment satisfactory.” The Committee must carry out “careful consid-
eration of all the books presented (by publishers)” and must select for adoption “those
which, in the opinion of the Committee, are best suited for the public schools in this
state.” The Committee may engage consultants, but the consultants must be “regular
classroom teachers.”

These prescriptions constitute a recipe for farce. Though the Committee is supposed to
Judge books in history, mathematics, biology, chemistry and many other subjects, there is
little chance that the Committee ever will have a member (or will be able to engage a
consultant) who possesses professional knowledge of any of those subjects. Hence there
is little chance that the Committee ever will have a member (or will be able to engage a
consultant) who is qualified to evaluate the treatment that is accorded to any of those sub-

jects in a schoolbook.

In practice, Oklahoma adoptions are indeed farcical. The State Textbook Committee’s
proceedings serve chiefly to celebrate the invention of the rubber stamp, and the Commit-
tee commonly approves textbooks that any competent agency would immediately consign
to the trash heap. . . .

A sample review of a physical-science book for grade 8 or 9:

Introductory Physical Science
Seventh edition, 1999. 268 pages. ISBN: 1-882057-18-X



Science Curriculum Inc., 24 Stone Road, Belmont, Massachusetts 02478
This Book Is the Best, by a Wide Margin
By Lawrence S. Lemer
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About four years ago I had the pleasure of reviewing the sixth edition of Science Curricu-
lum Inc.’s Introductory Physical Science. “This is an outstanding book,” I reported in
TTL, “written by authors who know what science is about, know their subject matter, and
know how to teach it to 8th-graders and 9th-graders.”

[Editor’s note: Lawrence S. Lerner’s review of the sixth edition appeared in TTL for No-
vember-December 1995, with this headline: “The Authors Are Knowledgeable, and the

Book Is a Delight.”]

That statement applies to the seventh edition, too, and the word “authors” is significant.
The persons named on the title page of Introductory Physical Science are truly the book’s
authors, and they have maintained full control of its contents. Readers who are familiar
with the schoolbook industry, and with the habits of the major schoolbook companies,
will recognize that this is an atypical circumstance. In most schoolbooks, the lists of so-
called authors are fictitious and have been devised to serve as sales-promotion features.

Introductory Physical Science has only 268 pages, so it is less than half as long as the
other physical-science books I have reviewed—yet it offers far better content. Unlike
those other texts, Introductory Physical Science is not bloated with gratuitous factoids,
empty mentionings, environmental pieties and irrelevant sidebars.

The authors of Introductory Physical Science show the student how science is done, and
they teach the student to think like a scientist. Their strategy, as I noted in my review of
the sixth edition, is to take the student through a series of experiments and analyses that
amount to an abridged account of the development of chemistry and physics from the
mid-1700s to 1900 or so.

Comparing the Editions
A striking experiment in the earlier edition allowed the student to make a direct estimate

of the size and mass of a molecule of oleic acid. These quantities were inferred after the
student measured the area of a film of oleic acid that was floating on water. In the seventh
edition, the procedure has been dramatically improved: Instead of using pure oleic, the
student uses a dilute solution of oleic acid in alcohol. This enables the student to obtain
better results (and all the satisfaction that goes with them). In keeping with this refine-
ment, oleic acid’s density—which the student must use in a calculation—is now given as
0.87 g/cm3 instead of 1 g/cm3.

On the other hand, a beautiful sequence of experiments that I admired in the sixth edition
has been modified in a disappointing way. Let me describe this case in some detail:

Most textbooks treat the difference between a chemical element and a compound simply
by asserting that every compound consists of more than one element, but the authors of



Introductory Physical Science prefer a scientific approach to this topic. In the sixth edi-
tion, the authors used a number of experiments and comparisons to show the student that
certain solid substances, when they participate in chemical reactions, invariably yield
solid products that have greater mass. The student then was led to understand—indeed, to
define—such substances as elements. Likewise, the student found out that other solid
substances, when they participate in reactions, may yield products that have greater mass
or products that have lesser mass. The student then came to comprehend that any sub-
stance which gives such variable results must be a compound. The supporting evidence
came from several sources, including an experiment in which the student observed the
thermal decomposition of baking soda, then a narrative account of the thermal decompo-
sition of mercuric oxide, and later an experiment in which the student watched the ther-
mal decomposition of sodium chlorate and measured the difference between the initial
mass and the final mass of the solid in the test container.

Looking at the seventh edition, I find that the experiment with sodium chlorate has been
excised, presumably in the interests of safety. (The decomposition of sodium chlorate
sometimes proceeds very vigorously.) Now the authors simply remind the student about
the example of mercuric oxide and about the earlier experiment with baking soda. The
excision of the sodium-chlorate experiment has not diminished the general argument, but
the argument has lost some of its punch—especially because the case involving mercuric
oxide still appears only in a narrative, not in an experiment that is actually performed by

the student.

The sixth edition didn’t contain many errors, and in the seventh edition most of them
have been corrected—but not all:

. Page 110: The student again is asked to write an essay about the “sludge test.” But
there is still no indication of what is meant by this term.

. Page 115: The “tiny bubble” mentioned in the caption for figure 6.2(b) is not visi-
ble.

. Page 119: Problem 12 should come before problem 11.

. On page 132, figure 6.9 still shows an aluminum cell in which molten aluminum
is siphoned from a lower to a higher level.

. Page 166: Here a radioactive atom is said to emit a particle “which affects a
counter . . . .” But this is true only if the particle happens to be headed in the direction of
the counter. It would be better to say that the particle “can affect” a counter.

. Page 204: In a passage about the production of hydrogen in two electrolysis cells,
it is still unclear that the authors are referring to the rate of production in each cell, not in
both cells together.

. Pages 231 through 234: The description of the operation of a dry cell is still
vague, and the function of sacrificial electrodes is still not explained clearly.

In the sixth edition, some of the photographs weren’t clear, and some of the graphs were
too crude. Many of these have been replaced, usually for the better, but a few of the pho-
tos in the seventh edition demand further improvement. Alternatively, it may be profit-
able to replace them with line drawings. Figure 1.1 can serve as a case in point: In the
sixth edition, it was an indistinct photograph of a pneumatic trough, and it failed to show

11
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the water level inside the collection bottle. The seventh edition has a new photo that is
much clearer overall, but the crucial water level still can’t be discerned. The same diffi-
culty occurs in figure 1.4—and here the new photo is less clear overall than the older one

was.

These, however, are but minor matters. Taken as a whole, Introductory Physical Science
is an excellent book.

The thorough, clearly written Teacher’s Guide and Resource Book for the seventh edition
is largely a laboratory manual, designed to lead the teacher through the experiments that
appear in the student’s text. This Teacher’s Guide is much like the guidebook that came
with the sixth edition, but the “Introduction” has now been expanded by the addition of
new pedagogic information and suggestions. The teacher, whether experienced or inexpe-
rienced, will find the Guide to be a trusty and valuable companion during the planning of
a course based on Introductory Physical Science.

Students who work through Introductory Physical Science and do the experiments will be
well rewarded, for they will acquire a good understanding not only of the subject matter
but also of the way in which science is done. I recommend this book strongly. It is the

best, by a wide margin.

Lawrence S. Lerner is a professor emeritus in the College of Natural Sciences and
Mathematics at California State University, Long Beach. His specialties are condensed-
matter physics, the history of science, and science education. His university text Physics
for Scientists and Engineers was issued in 1996 by Jones and Bartlett Publishers, Inc.
(Sudbury, Massachusetts). His report State Science Standards: An Appraisal of Science
Standards in 36 States was issued in March 1998 by the Thomas B. Fordham Foundation

(Washington, D.C.).
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EXECUTIVE SUMMARY

The nation’s policy and business leaders are increasing-
ly and understandably anxious about maintaining
America’s scientific and technological leadership in a
competitive world. Naturally they look to the education
system, where they issue urgent calls for higher stan-
dards and greater rigor. But are states heeding the calls?
In setting standards for their K-12 science programs, are
they expecting enough of their students? As they pre-
pare to implement the No Child Left Behind Act’s sci-
ence testing mandate, are states seizing the opportunity
to raise the bar to a level that will ensure the nation’s sci-
entific prowess in years to come?

The answer—provided in this, the first comprehensive
review of state science standards since 2000—is mixed.
The good news is that 19 states have put in place standards
clear and rigorous enough to earn them an “honors”
grade of “A” or “B” Over half of U.S. children attend
school in these states. Unfortunately, 15 states deserve fail-

ing grades, signifying either that they have no real stan-
dards for their science program, or that their standards are
so vague and weak as to be meaningless. The remaining 16
jurisdictions get “C” or “D” marks. (Iowa is not included
because it does not publish science standards.)

Have the states raised their expectations over the last half-
decade? As is apparent on page 6, most states received a
different grade in 2005 for their science standards than in -
2000. However, while state standards are very much in
flux, the nation, in its entirety, is neither making progress
nor losing ground when it comes to expectations for
what students should learn in science during the K-12
years. The same number of states received “honors”
grades this year as in 2000, while the percentage of failing
grades inched up just slightly from 26 percent to 30 per-
cent. This flat trend line at the national level is worri-
some, especially as America’s world competitors make
their own countries’ science education a major focus.

Assigned letter grades for 49 states and the District of Columbia

5 Thomas B. Fordham Institute




Trends in grades from 2000 to 2005 for 49 states and the District of Columbia.

DECLINED

. NO CHANGE  IMPROVED

Common Problems

Some states—notably A-rated California, Indiana,
Massachusetts, New York, New Mexico, South Carolina,
and Virginia—produced exceptional academic stan-
- dards documents that, if followed in the classroom,
would result in excellent science programs. But most
state standards have serious problems. These include:

1.

Excessive Length and Poor Navigability. Sprawling,
almost impenetrable documents, uncontrolled in
size and poorly organized, are too common a result
of a push to cover everything. '

Thin Disciplinary Content. States’ zealous embrace
of “inquiry-based learning” has squeezed real sci-
ence content (astronomy, biology, chemistry, ecolo-
gy, physics, etc.) out of the curriculum to make
room for “process.” Of course, without content,
there is little for science students to process.
Do-It-Yourself Learning. Many state standards
documents take a very good idea— Whenever prac-
tical, science learners should find things out for

themselves—and take it to an absurd level, declaring
that all knowledge should be “discovered” by the
student rather than passed along by the teacher. In
many areas of science—e.g., atomic structure, plate
tectonics, population genetics, thermodynamics—
this is simply not possible.

Good Ideas Gone Bad. Too many state standards
documents create a false dichotomy between “rote”
and “hands-on” learning. Of course students should
engage science in the laboratory or field, but they also
must learn and memorize some things—facts, words
and definitions, and problem-solving techniques, for
example. Yet many states minimize the importance of
the latter. At the same time, several states promote the
fallacious idea that “all cultures” have made similar
contributions to science. Alas, that’s simply not true.

Shunning Evolution. A disturbing and dangerous
trend over the past five years, in response to reli-
gious and political pressures, is the effort to water
down the treatment of evolution, as shown by the
map on page 7.
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Treatment of Evolution in 49 States and the District of Columbia

FAILED NOT EVEN
FAILED

SOUND  PASSING MARGINAL

Evolution

The attack on evolution is unabated, and Darwin’s crit-
ics have evolved a more-subtle, more dangerous
approach. A decade ago, the anti-evolution movement,
which acquired a command post and funding source in
the Discovery Institute of Seattle, Washington, argued
vigorously for explicit teaching of the evidence for intel-
ligent design—for the role of external, conscious agency
in the history of life on Earth<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>